Investigation of test methods, material properties, and processes for solar cell encapsulants by unknown
r- 
I 
I 
r 
L .  
i: 
- 
I 
i 
9950-1151 
DOE/JPL-954527-84/27 
Dis t r ibu t ion  Category UC-63 
! 
(USA-C e 76?,1?) 
FOR SOLLP C t !  %LAPSOLANTS Annual Eeport, 
7984 ( S p r h c v  z.1 Labs. 8 I n c . ,  Enfiela, 
I l V R S T I G I T I O N  OB TEST 
W E C D S ,  Hk2i?€i&I PEOPEETIBS, k N D  P F O C B S S a  
Conn.) 104 p t C  A O 6 / H F  A51 CSCL ? l a  ;3/us 
IMIESTT7~rrTION OF TEST METHODS, 
MATERIAL ?ROPERTIES, AND PROCESSES 
FOR SOLAR CELL ENCAPSULANTS 
BLGHTH Ah'NuIu, REPORT 
1984 
JPL Contract 954527 
Pro jec t  6072.1 
For 
JET PROPULSION LABORATORY 
4800 Oak Grove Grive 
Pasadena, Cal i forn ia  91103 
ENCAPSULATION TASK OF THE LOW-COST 
SlLICON SOLAR ARRAY PROJECT 
i i .  
885-39446 
Dnclas 
25782 
The JPL Low-Cost S i l i c o n  Solar  Array P ro jec t  i s  sponsored by t h e  U.S. Department 
of Energy and forms p a r t  of t h e  Solar Photovol ta ic  Conversion Program t o  i n i t i a t e  
a major e f f o r t  toward the  development of low-cost solar a r rays .  This  work was 
performed f o r  t h e  J e t  Propulsion Laboratory,  Cal i forn ia  I n s t i t u t e  of Technology, 
by agreemeqt between NASA and DOE. 
Paul R. Willis 
SPRIKCBORN LABORATORIES, XSC. 
Enf i e  Id ,  Connect Icri t 0608 2 
https://ntrs.nasa.gov/search.jsp?R=19850026133 2020-03-20T16:54:13+00:00Z
TECHNICAL CONTENT STATEMENT 
I 
"This report was prepared as an account of vork sponsored by 
the United States Government. Neither the United States nor 
the United States Department of Energy, nor any of their em- 
ployees, nor any of their contractors, subcontractors, or their 
employees, makes any warranty, express or taplied, or assumes 
any legal liability or responsibility for the accuracy, com- 
pleteness or usefulness of any information, apparatus, product 
or process disclosed, or represents that its m e  would aot 
infringe privately owned rights." 
. 
t 
. .  
; j .  
, -  
i -  
li 
TABLE OF CONTENTS 
Pane 
I .  
1: 
f : 
I- .. 
1- 
L; 
I. SUMMARY.................... 1-1 
11. INTRODUCTION 0 . . 11-1 
111. EVA-HISTORICAL DEVELOPMENT . . . . . . . . . .  111-1 
A. Functional Requirements . . . . . . . . . .  
B. Polymer Selection . . . . . . . . . .  
C. Cure Chemistry . . . . . . . . . .  
D. Antioxidant Selection . . . . . . . . . .  
E. Photostabilization . . . . . . . . . .  
a, UV Absorbers . . . . . . . . . .  
b. Hindered Amine Stabilizers . . . . . .  
F. Formulation, Compounding and Extrusion . . 
G. Cured Proqerties . . . . . . . . . .  
H. Aging Behavior . . . . . . . . . .  
a. Thermal Aging . . . . . . . . . .  
C. Metal Catalysis . . . . . . . . . .  
d. Aging Sumnary . . . . . . . . . .  
b. Photothermal Aging - - 
-1 
-3 
-6 
-11 
-13 
-14 
-15 
-17 
-20 
-26 
-26 
-29 
-32 
-35 
IV. ACCELERATED AGING AND LIFETIME STUDIES . . . .  IV-1 
A. Background . . . . . . . . . . . . . . . .  -1 
B. Outdoor Photo Thermal Aging Reactors (OPTAR) -5 
a. Individual Formulations . . . . . .  -6 
b. Predictive Moldeling . . . . . .  -8 
C. Module Exposure . . . . . .  -10 
V. HARDBOARD SUBSTRATES ' 0  e . . v-1 
VI. ANTI-SOILING TREATMENTS . . . . . . . . . . .  VI-1 
VII. rmTuRE WORK . . . . . . . . . . . . . . . . .  VII-1 
VIII. REFERENCES 9 0 . 9 . . V I I I - 1  
APPENDIX 
Tables, pages A1 through F.lV 
Figures, pages A 1 9  through A28 
rrrr- 
1-1 
I. SUMMARY 
. -  
Springborn Laboratories, Inc. i s  engaged i n  a study of po ten t i a l ly  useful  
l o w  cost encapsulation materials f o r  t he  F la t -P la te  Solar Array Program 
(FSA) funded by the Department of Energy and administered by the Jet Propulsion 
Laboratory. The goal of t he  program is to  iden t i fy ,  test, evaluate  and recom- 
mend encapsulation materials ?nd processes f o r  the  fabr ica t ion  of cos t -e f fec t ive  
and long l i f e  solar modules. 
The pottant holds a c e n t r a l  role i n  encapsulation systems due to its pos i t i on  
i n  direct contact  with the s o l a r  cell. It must have the  praserties of trans- 
parency, l o w  modulus, l o w  melting point ,  low cost and must also be useable i n  
some type of high speed manufacturing process f o r  t he  production of modules. 
I n  addition, the po t t an t  must provide reliable pro tec t ion  to  the cells f o r  a 
service l i fe  of t h i r t y  years. 
has developed a po t t an t  based on ethylene-vinyl acetate copolymer, now general ly  
known as "EVA" . This material appears to  o f f e r  the  best combination of process- 
a i l i t y  , performance and low cost,and has  received wide commercial acceptance. 
Due t o  the  s t rong i n t e r e s t  i n  EVA, it w a s  decided to  publ ish the h is tory  of  i ts  
development, which is the subject of Section I11 of this report. The evolution 
of EVA po t t an t  is  discussed i n  terms of its funct ional  requirements, r e s i n  
selection, s t a b i l i z a t i o n ,  compounding, manufacturing use and environmental aging 
propert ies .  This discussion w i l l ,  hopefully, add t o  the understanding of t h i s  
successful new pot t ing  compound. 
Over t h e  past few years  Springborn Laboratories 
A program of accelerated aging is being conducted f o r  the purpose of (a) genera- 
t i n g  empirical and p rac t i ca l  da t a  r e l a t i n g  t o  longevity , (b )  r a t i n g  and ranking of 
the  s t a b i l i t y  of candidate formulations, and (c) generating data t h a t  may be used 
i n  mathematical models foot the predict ion of serv ice  l i f e .  
Although a va r i e ty  of aging methods are being used f o r  t h i s  work, the use of 
Outdoor Photo Thermal Aging Reactors (OPTAR) appears t o  he the most promising. 
These devices age polymers i n  na tura l  sunl ight  while acce lera t ing  the  degrada- 
t i o n  react ions with i:eat. They are on only during t h e  sunl ight  hours and are 
cur ren t ly  operated a t  70 , 90" and 105OC. 
the most useful  ye t  discovered fo r  assessing the  re la t ive aging performance of 
0 
The OPTAR technique appears to  be 
i . l  
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encapsulation materials in reasonably short periods of time. 
date pottants may be degraded in as little as 2,000 hours (@ 105 C), and 
advanced formulations have been discovered that extend this mean time to 
failure. 
oligomeric hindered amine light stabilizer (HALS) (Cyasorb W-3346, 
American Cyanamide) as having potential for further extending the service 
life of present EVA compounds. 
Some candi- 
0 
Comparative aging studies have successfully identified a new 
The OPTAR methad was initially intended for use in the evaluation of whole 
modules. Modules containing four pottant formulations have been under 
exposure for 5,000 hours and examination indicates that the most destruc- 
tive effect at any temperature is the presence of metallic copper. Apart 
from this effect, no changes are observable in the modules exposed at 70 C. 
At 90 C, the two EVA formulations cured with Lupersol-101 peroxide show 
signs of discoloration and slight corrosion of the metallic components are 
also apparent. All the modules are in generally good condition. At the 
105 c exposure the signs of degradation are more obvious. "he presence of 
copper has a violent degradation resction, however it does not spread far 
from the location of the metal. All the pottants tend to discolor at this 
temperature. The effect is pronounced in the W A S  cured with Lupersol 101, 
but slight in the pottants cured with Lupersol-TBEC. 
are slight corrosion of the interconnects and breakage of the glass outer 
covers due to thermal shock. The Swer generating ability of all the modules 
seems to be unimpaired. These experiments definitely demonstrate the im- 
provement in performance that occurs when all the encapsulation components 
are combined to mutually protect each other. 
periments performed with the OFTAR devices appear to be extremely encouraging. 
Using unstabilized polypropylene as a model compound, a linear relationship 
(Arrhenius) was found when the induction period, log ti, was plotted as a func- 
tion of absolute temperature. 
formulations, then reasonable predictions of real time service life may be- 
come possible. 
0 
0 
0 
Other observable changes 
Finally, lifetime modelling ex- 
If this relationship can be found for pottant 
Substrates are proportionally the highest costing construction elei,ient requircd 
in the PV module. Of the $18 (1984 $)  per square meter allocate2 for the encap- 
.. 
sulation components, approximately 50% of the cost, ($9/mL), may be taken by 
1-3 
the load teari.ig component. Wood products, such as hardboard, are poten- 
tionally the lowest cost candidate substrates identified to date. 
modulus (0.5 to 1.0 x 10 psi) and low cost (approximately $0.14/ft ) satisfy 
the cost and load deflection requirements. 
these materials lies in the very high hygroscopic expansion coefficients. 
The high 
6 2 
The difficulty with the use of 
The cost of a wood product based substrate must, therefore, include raw 
naterial costs, plus the cost of additional processing to impart hygro- 
scopic inertness. This protection is thought possible by a two step, or 
"split" process, in which a flexible laminate containing the cell string is 
prepared; first in a vacuum process and then adhesively attached with a back 
cover film to the hardboard in a subsequent step. The additional processing 
cost is calculated to be $3.19 per square meter (1984 $1. This additional cost 
component may be acceptable if an expensive load bearing material, such as 
glass, is replaced with a wood product, 
could possibly be reduced by several dollars per square meter ir! large volume 
operations. The cost calculations and product flow charts for this process 
are detailed in the appendix. 
Overall module manufacturing costs 
An experimental program is continuing to determine the usefulness of soil re- 
sistant coathgs. These coatings are intended to be surface trea: ents ap- 
plied to the sunlight side of solar modules and function to prevent the per- 
sistent adhesiou of soil to the surface, aid in its removal, and consequently 
keep the pwer output high. These treatments have been applied to QvSunadex" 
glsss, "Tedlar" polyvinyl fluoride film and "Acrylar" criented acrylic film. 
The treatments are based on fluorosilane chemistries. After thirty-eiqht 
months of outdoor exposure, a fluoro treatment designated E-3820, bas found 
to be the best coatifig for all three outer surfaces ard result in signifi- 
cantly better soil resistance than the controls. 
to be active after three years, whereas the other candidates have all lost 
their effectiveness. Based on standard solar cell measurements, the improve- 
ment in power output using this treatment is estimated to be about 1% for 
Sunadex glass, 3.8% for Tedlar and 3.>% for Acrylar. These treatments may 
provide a passive and cost eEfective way to maintain high power for 
in the field. 
This material still appears 
PV arrays 
. 
Photovoltai modul 
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INTRODUCTION 
onsist f a string of electrically in 
11. 
! 
erconnected 
silicon solar cells capable of producing practical quantities of electrical 
pc -33: when exposed to sunlight. 
To insure high reliability and long-term performance, the functional ccmpo- 
r-its of the solar cell module must be adequately protected from the environ- 
ment by some encapsulation technique. The potentially harmful elements to 
module functioning include moisture, ultraviolet radiation, heat build-up, 
thermal excursions, dust, hail, and atmospheric pollutants. Additionally, 
the encapsulation system must provide mechanical support for the cells and 
corrosion protection for the electrical components. 
is defined as all the construction materials required in a module to provide this 
mechanical support and environmental isolation. In addition, the module must be 
based on construction materials and design considerations that meet the field 
operating requirements while also maximizing the cost performance. 
goal of this program; to identify and develop encapsulation systems consistent 
with the PV module operating requirements of 30 year life and a target cost of 
$0.70 per peak watt ($70/m ) (1980 dollars) 
of tell percent, which is equivalent to a power output of 100 watts per m2 in mid- 
day sunlight, the capital cost of the modules may be calculated to be $70.00 per 
m . out of this cost goal, only 20 percent is available for encapsulation due 
to the high cost of the cells, interconnects, and other related components. The 
encapsulation cost allocation may then be stated as $14.00 per m2 which included 
all coatings, pottant and mechanical supports for the cells. 
The encapsulation system 
This is the 
(A) A s s d n g  a module efficiency 2 
2 
Assuming the flat-plate collector to be the most efficient design, photovoltaic 
modules are considered to be of two basil' types, substrate and superstrate, and 
to be composed of seven basic construction elements. 
diagramed as follows: 
The design types are 
2 2 
(a) JPL Document 5101-68 
The former cost allocation for encapsulation materials, was $2.50/m (0.25/ft ) 
in 1975 doll.irs, or $3.5G/m2 ($0.35/ft2) in 1980 dollars. The current cost 
allocation of $14/m2 is an aggregate allocation for all encapsulation materials 
including an edge seal and gasket. 
. 
3 
,.-- 
p “  
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BASIC MODULE TYPES 
SUBSTRATE-BONDED 
1 -  OUTER COVER 
POTTANT 
ADHESIVE 
STRUCTURAL SUBSTRATE 
i 
. .  
. I  
SUPERSTRATE-BONDED 
I - 
-TRANSPARENT STRUCTURAL SUPERSTRATE 
AOHESIVE - POlTANT 
The seven basic construct ion elements are : (a) ou te r  covers, (b) t ransparent  
supers t ra tes ,  ( c )  pot tan ts ,  (d) subs t r a t e s ,  (e) back covers, (f) gaskets  and 
edge sea l ing ,  and (9) adhesives of primers. 
Throughout this program, extensive surveys have been conducted i n t o  m y  
classes of materials i n  order  t o  iden t i fy  and compound o r  class of compounds 
optimum f o r  use as each construct ion element. 
The r e s u l t s  of these surveys have a l s o  been u s e f u l  i n  generating f i r s t - c u t  c o s t  
a l loca t ions  for each construct ion element, which a re  estimated t o  be as follows 
(1980 do l l a r s )  : 
Approximate Cost 
Construction Elements Allocation* (S/rn2] 
Substrate/Superstrate  $ 7.00 
(Load Bearing Component) 
I 
Y Pottant  
Primer 
1.75 
0.50 
Outer Cover 1.50 
Back Cover 
Edge Seal & Gasket 
1.50 
1.85 
I 
, I  
2 * Allocation f o r  combination 9f constrL2tion elementc: $14/m . :I 
I 
L 
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From the previous work, it became possible to identify a small number of 
materials which had the highest potential as candidate low cost encap- 
sulation materials. 
In addition to materials, two fabrication processes have been explored: 
vacuum bag lamination and liquid casting. 
is handled as a dry film of formulated polymer that is use3 to sandwich the 
cell string. 
In the casting process the pottant i.; handled as a high viscosity liquid that 
In vacuum bag lamination the pottant 
Encapsulation is campleted by the application of vacuum and heat. 
pumped around the cell string. 
plished by the application of heat. 
Curing to a rubbery solid is then accom- 
Recent efforts have emphasized the identification and development of potting 
compounds. 
primarily serve as a buffer between the cell and the surrounding environment. 
The pottant must provide a mechanical or impact barrier around the cell to 
prevent breakage, must provide a barrier to water which would degrade the elctri- 
cal output, must serve as a barrier to conditions that cause corrosion of the 
cell metallization and interconnect structure, and must serve as a barrier to 
conditions that cause corrosion of the cell metallization and interconnect 
structure, and must serve as an optical coupling medium to provide a maximum 
light transmission to the cell surface and optimize power output. Due to its 
central role in the encapsulation scheme, the pottant has received more emphasis 
than any other construction element. In the past few years this has lead to the 
development and commerciallization of "EVA" as a long life low cost pottant avail- 
able in sheet form for vacuum lamination prosessing. 
Pottants are materials which provide a number of functions, but 
This report presents the following topics: 
(1) The historical development of EVA; including the functional requirements, 
polymer selection, curing, stabilizacion, production and module processing. 
(2) Acclerated aging; this section details the construction and use of a new 
method for the accelerated agino of polymers. This method more closely 
resembles the conditions that may be encountered in actual module field 
exposure and additionally may permit service life to be predicted accurately. 
! 
w 
I 
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(3) Hardboard analysis; this section completes the studies on the use of 
hardboard as a low cost candidate substrate material. 
1 
(4) Anti-soiling treatments; this is an update on the performance of surface 
treatments useful for imparting a self-cleaning property to modules. 
. *  
.- . 
. \  1 
r 
5.. . . 
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111. EVA - HISTORICAL DEVEIDPMENT 
.I 
. .  
. .  
Silicon solar cell modules are under continuous development and 
merciallization as a a l t e r n a t e  source of electrical power. 
themselves should be capable of i n d e f i n i t e l y  long service l i f e ,  however, 
they are extremely f r a g i l e  and prone to breakage. 
r e l i a b i l i t y  and long term performance, t he  cells must be adequately pro- 
t e c t e d  by some type of encapsulat ion,  and the encapsulat ion itself must be 
environmentally stable. 
t ion ing  include misture, u l t r a v i o l e t  r ad ia t ion ,  hea t  build-up, thermal ex- 
cursions,  dus t ,  h a i l ,  and atmospheric po l lu tan ts .  Addit ional ly ,  the encap- 
s u l a t i o n  system must provide mechanical support  f o r  t h e  cells .nd  coxrosion 
pro tec t ion  for the electrical components. 
com- 
The cells 
I n  order  to insu re  high 
The p o t e n t i a l l y  harmful elements t o  module func- 
These p ro tec t ive  func t ions  may be m e t  by an appropr ia te ly  designed module 
t h a t  incorporates materials and cons t ruc t ion  elements t h a t  meet these needs. 
The pottant is t he  component t h a t  is  d i r e c t l y  i n  contac t  with the  solar cells  
and therefore  holds a c e n t r a l  role i n  the  encapsulation. 
The f r a g i l e  cells require three basic forms of  pro tec t ion ,  (a) mechanical 
suppart  and f r a c t u r e  pro tec t ion ,  (b) electricai i s o l a t i o n  and (c) environ- 
men':al i s o l a t i o n  and the prevention of corrosion. 
serves as a t ransparent  medium t h a t  helps t o  o p t i c a l l y  co*-ple the  cel l  and 
enhance its use of sun l igh t  f o r  power generat ion.  
I n  addi t ion ,  t he  p o t t a n t  
A. Functional Requirements 
From t he  bpsic needs required f o r  cel l  p ro tec t ion ,  a l i s t  of requirements 
for p o t t a n t  performance evolved. Considering c o s t ,  processing and material 
c h a r a c t e r i s t i c s  polymers was selected as thc  most l o g i c a l  materials class 
f o r  t h i s  function. A l i s t  of required p r o p e r t i e s  w a s  then c rea t ed  i n  o rde r  
t o  assist materials selection. 
follows : 
These i n i t i a l  p rope r t i e s  a r e  given as  
! 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11 . 
12 . 
13 . 
14. 
15 
16. 
Characteristic- 
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Pottant Specif icaticbns 
Glass trsnsition temperature (T ) 
Total hemispherical light transmission 
through a 20-mil-thick film integrated 
over the wavelength range from 0.4 
to 1.1 rn 
g 
Hydrolysis 
Resistance to thermal oxidation 
Mechanical creep 
Tensile modulus as measured by initial 
slope of stress-strain curve 
Fabrication temperature 
Fabrication pressure Cor lamination 
pottants 
Chemical inertness 
W absorption degradation 
Hazing or clouding 
Minhum thickness on either side of 
solar cells in fabricated modules 
Odor, human hazards (toxicity) 
Dielectric strength 
Process compatability 
cost 
Specification 
<- 4O0c 
> 90% of incident 
None at 8OoC , 100% lUi 
Stable up to 85OC 
None at 90°C 
< 3000 Ib/ino2 at 25OC 
<17OoC for either lamination 
or liquid pottant systems 
L 1 atm 
No reaction with embedded copper 
coupons at 9OOC 
None at wavelength >0.35 
None at 8OoC, 100% RH 
6 mils 
None 
Sufficient to electrically 
isolate the cells and inter- 
connects 
Compatible with automated 
cell handlirrg and encapsulation 
equipment 
As low as possible 
c 
, .- 
I ..-- 
,_ -'
IIT-3 
r 
I 
I 
1 
Lj 
7 
5 
J 
1 
Many of these requirements can be met by polyneric materials, howeJer, 
trade-offs between properties such as cost, processing temperature and 
environmental stability had to be examined for the selection of suitable 
candidates, 
Without protection from ultraviolet, the classes of candidate potting mater- 
ials are limited to fluorccarbons, silicones, ana acrylics. (a) 
two are extremely expensive and, in the case of fluorocarbons, entirely un- 
processable without prohibitively high temperatures. 
fhe first 
The silicose rubbers have excellent processing characteristics, being pourable 
and cureable at room temperature, but the cost 9 Si - 9/lb excluded t h e m  
from consideration. The many acrylic compounds available have desirdle low 
prices , but no commercial products exist in an elastomeric or usable form 
from directly encapsulating cells. 
n alternative to the use of these inherently weatherable materials was the 
idea of coatings. The possibility of developing weatherable and W screening 
protective films and coatings may permit a much Srozler r.,nge of polymers to 
be considered for potting applications. It may be possr.Jle to use a cost- 
effective, but otherwise unweatherable, - Jlymer successfully as a pottantl 
.ro*;ided that sufficient external protection is supplied. 
B. Polymer Selection 
Candidate polymer selection proceeded through three considerations:(a) select 
a commercial material that meets the specifications. If no such material can 
be identified, then, (b) select a commercial material and chemically modify it 
so that it meets the specifications. If no commercial materials exist chat 
can be suitably modified, then ( c )  synthesize a polymer with the required 
properties. 
Extensive surveys were done to identify potential candidate materials and all 
commercially available transparent polymers were identified and tabulated in 
four price ranges. 
physical properties, cost, and a prognosis for stabilization. 
(1) The tables also included information of processability, 
(a) Poly(mr:hyl methacrylate) only. Commercial: Plexiglas, Lucite 
P-' 
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The polymers surveyed encompassed a great variation in physical properties 
and chemistry and inclu3ed such materials as the following: polyvinyl 
chloride, polystyrene, polyethylene, polyesters, ionamer, polyanides, 
cellulosics, urethanes, silicones, etc. Due to the need for a compliant 
low modulus compound, transparent elastomers were surveyed. A partial list 
follows: 
Transparent Elastomers 
hastamers 
Ethylene/Ethyl Acrylate 
Plasticized W C  
Ethylene /Propylene/Diene 
Ethylene/Propylene 
Styrene/Butadiene 
Ionomer 
Polyvinyl Alcohol 
Thermoplastic Urethane 
"Viton" Polymers 
Ethylene/Methyl Acrylate 
Ethylene/Vinyl Acetate 
Considerations 
High Melt Viscosity 
Thermoplastic 
Not Weatherable 
Not Weatherable 
Not Weatherable 
Process Temperature High 
Water Soluble 
High Cost 
Very High Cost 
Few Grades, High Viscosity 
Many Grades, Low Cost 
From this list,the class of ethylene/vinyl acetate copolymers were selected 
for further development based on the following properties, (a) high optical 
transparency, ' 5 )  ,-ide range of melt vlsccsities, (c) easy processing, (d) 
lad modulus, (e) good adhesive properties, (f) moderate environmental stability, 
and (g) low cost. 
EVA is a copolymer of ethylene and vinyl acetate typically sold in pellet form 
by DuPont Company and U.S. Industrial Chemicals, Inc. (U.S.J.;. The DuPont 
trade name is Elvax; the U.S.I. trade name are Ultrathene and Vynathene. The 
cost of C I A  t:-:\ically ranges between $0.6" and $0.70 per lb (1980 dollars). All 
commercially available grades of EVA were examined' 
based on transparency, melt viscosity and thermal stability. 
'and final selections were 
I 
1 
111-5 
.f 
I 
* !  
i 
EVA Resin 
EY 901-25 
EY 902-30 
UE 645-35 
UE 638-35 
Elvax 150 
Elvax 170 
Elvax 240 
Elvax 250 
Ethylene-Vinyl Acetate 
Fina l  Grade Select ion 
Manufacturer % VA 
us I 
us1 
us1 
us1 
W o n t  
DuPont 
DuPont 
DuPont 
40 
40 
33 
31 
33 
36 
28 
28 
M e l t  Index 
7.5 
70.0 
48.0 
24.0 
43.0 
0.7 
43.0 
25.0 
These f i n a l  se lec t ions  followed laboratory tests of o p t i c a l  transparency, 
thermal s t a b i l i t y ,  photos tab i l i ty  and ease of processing. Some general  
observations on the  proper t ies  of EVA r e s i n s  are: 
the  vinyl  acetate content must be i n  excess of approximately 25% i n  
order  t o  have acceptable o p t i c a l  transmiFsion (89 - 92%), (b) 
the  very high vinvl  ace t a t e  copolymers (appx. 45% VA) have reduced 
thermal and l i g h t  s t a b i l i t y ,  
as the vinyl  acetate content increases  the polymer flow p i n t  decreases 
and the surface t a c k  '-rreases, 
low melt flow compounds may be handled e a s i l y ,  high m e l t  flow compounds 
exh ib i t  agressive surface tack and adhere to  most surfaces.  
Based on f i lm ext rudabi l i ty  and transparency, t h e  bes t  choice became Elvax 150, 
a t  a c o s t  ( for  high-volume purchases) of about $0.65/lb. EAvw 250 w a s  a c lose  
second choice. Elvax 150 has the  lowest m e l t  v i scos i ty  t h a t  may still  be 
handled without much d i f f i c u l t y  i n  m e l t  processing. Higher m e l t  flow compounds 
could not be extruded and transported with f i lm rollers due to  t h e i r  excessive 
surface tack. 
(b) E f f i c i e n t  crossl inking improves transparency and may lower the  required 
vinyl  ace ta te  content. 
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After selection of the base resin, Elvax 150, development efforts were 
directed towards the other pottant perfcwvrnce specifications. Elwax 
150 softens to a viscous melt above 7ooc# and therefore is not suitable for 
temperature service above 70°c when employed in a fabricated module. This 
was the first material deficiency that had to be corrected by formulation. 
A good pottant compound should have a low melt viscosity to impose little 
stress on the cells duping lamination, but should cure at some point in ths 
process to a thermoset resin that will no longer flow under heat. 
property is required to prevent the flow of the pottant under solar heating 
that woul? 
This 
m l t  in damage to the module. 
The other consideration was environmental stability. EVA, like all other 
polyolefins, is prone to photoxidation in the presence of air and sunlight. 
These conditions slowly degrade the unstabilized resin and result in dis- 
coloration and softening, 
resin to correct for these performance deficiencies 
viable pottaiaL compound for solar module lamination, 
Chemical ompounds must be added to the EVA base 
in order to yield a 
C, Cure Chemstry 
To function effectively, creep resistance (lack of flow) at the module 
operating temperatures is a necessity. To accomplish this requirement, the 
copolymers must be compounded with chemical additives that permit the resin 
to flow during the lamination cycle, but then subsequently crosslink (cure) 
at a later time. Crosslinking and/or vulcanization is defined as a process 
for converting a thermoplastic material into a thennosetting material that 
will no longer flow upon the application of heat. This process converts the 
majority of the polymer moiecules into a single network which then retains 
many desirable physical and chemical properties of the base polymer under high- 
er temperatures. 
peroxide additive. 
volves a large number of chemical reactions within the polymer itself, but also 
between peroxide decomposition residues, atmospheric oxygen (if present) and 
other additives compounded into the rubber. The predominant reaction that gives 
rise to the formation of crosslinks is referred to 5 hydrogen abstraction. The 
basic steps cf this chemical reaction are: 
Cure chemistry was accomplished with the use of an organic 
The peroxide crosslinking of saturated polymers not only in- 
L-. 
I 
c - 
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(1) Peroxides thermally cleave to produce two oxy 
rad ica ls  Acyl peroxides y ie ld  acyloxy radicals3 
a lkyl  peroxide y ie lds  alkoxy radicals .  
(2) Oxy r ad ica l s  a r e  very reac t ive  and abs t r ac t  
hydrogen atoms from polymer chains, where P= 
polymer. 
(3) Two polymer rad ica l s  then combine to form a 
crosslink, r e su l t i ng  i n  cure. 
A ROOR 2RO- 
PH + RO.+P- + ROH 
2P- +i? - P 
Inpolymers the degree of crossl inking var ies  depending on the type and number 
of hydrogens avai lable  f o r  abstract ion and the preseme of other  reac t ive  
groups. The degree of crossl inking is affected by (a) the polymer type: sa t -  
urated, chlorinated,  etc.; (b) the peroxide type: a ia lkyl ,  diacyl ,  peroxyester, 
etc.; (c)  t he  processing parameters: peroxide concentration, thermal decom- 
posi t ion r a t e ,  temperature, time, and (d) the in te rac t ion  with other  addi t ives  
such as  antioxidants,  f i l l e r s ,  o i l s ,  and s t ab i l i ze r s .  
Dialkyl peroxides a re  generally the most  e f f i c i e n t  and most widely cuamercially 
used for  r,lymer crossl inking applications.  Their  high ac t iv i a t ion  t m e r -  
a tu re s  y ie lds  compounds of exce l len t  thermal s t a b i l i t y  during compounding and 
reduced problems w i t h  "scorch" (premature curing).  
a r e  commercially available.  
A wide var ie ty  of compounds 
The fac tors  guidins the se lec t ion  of peroxide fo r  the given appl icat ion a r e  
a s  follows: (1) generation of crossl inks a s  the only modification of the polymer, 
(2)  rapid decomposition a t  the desired cure temperature t o  y ie ld  e f f i c i e n t  cure, 
but (3 )  survives the polymer compounding and processing s teps ,  ( 4 )  e f fec t ive  
i n  the presence of the other compounding icgredients  such a s  ant ioxidants  and 
W s t a b i l i z e r s ,  (5) must be soluble i n  the polymer compound and preferably s o l i d  
t o  prevent v o l a t i l e  losses ,  (6) i s  non-toxic before and a f t e r  decomposition, and 
(7)  does not s ens i t i ze  the polymer t o  heat o r  u l t r a v i o l e t  l i g h t ,  
. 
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Peroxides containing aromatic '!roups (such as d i c m y l  peroxide) should 
be avoided due t o  their sens;.' z i n g  e f f e c t  on l i g h t  s t a b i l i t y .  
Cure time and temperature ca.1 be determined i n  a peroxide cure system 
from knowledge of the rat? csf in i t ia3 ly thermal  decomposition. I t  i s  t h i s  
reac t ion  (homolytic cleavage and the  generation of f r e e  radicals) 
rate determining step :-? the 
The reac t ion  follows first-or .er k i n e t i c s  and is general ly  character ized by 
t h e i r  ha l f - l i f e  temperGture. This term is more usefu l  than "rate-constant" 
and is defined as the  t r q e r a t u r e  a t  which f i f t y  percent  of t he  peroxide w i l l  
decompose within a given t i m e  period. The h a l f - l i f e  temperature is  usefu l  as 
an i n i t i a l  guide f o r  t he  determination of processing sa fe ty  and the s e l e c t i o n  
of cure temperatures. The decomposition rate is independent of t h e  amount of  
peroxide present ,  bu t  does vary somewhat with the medium i n  which the  decom- 
pos i t ion  is taking place. 
are usual ly  slower (than il so lu t ions)  due to  tne  reduced mobili ty of t he  
r e su l t i ng  f r e e  r ad ica l s  a n c  t he  opportunity f o r  recombination to  occur. 
t h a t  is the 
uring or c ross l ink ing  sequence of react ions.  
The thermal decomposition rates i n  polymer systems 
In  commercial practice, polymer cure cc 
s i x  o r  seven ha l f - l ives  i n  order to  insure  complete peroxide decomposition 
and the inaxhum development of physical  propert ies .  
trates the  re la t ionship  between the  h a l f - l i f e  and the  percent  of peroxide de- 
composition: 
i t i o n s  are o f t en  selected to  obta in  
The following table i l l u s -  
Number of 
Half-Lives 
% of C:Lginal Peroxide 
- 3ecomposed 
50.0 
75.0 
87.5 
33.75 
96.9 
98.4 
99.2 
99.6 
! 
. 
i 
- .  
1 
.". - 
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~n i n d u s t r i a l  practice, compounds are usua l ly  cured f o r  a t  least three half 
lives a t  the se lec ted  cure temperature. 
linkers of polymers, however it must be pointed o u t  that exposure to oxygen 
causes a competing reac t ion  to occur that reduces the eff ic iency.  
Peroxides are e f f i c i e n t  cross- 
Due to the fact that  most cures are done e i t h e r  i n  closed molds or i n  vacuum 
bag laminators t h e  exclusion of oxygen is usual ly  s c f f i c i e n t  t o  prevent cam- 
pet ing react ions.  
avoided. 
Curing openly in t he  presence of air ,  however, must be 
A wide range of commercially available organic peroxides were evaluated as 
p o t e n t i a l  cur ing agents  for Elvax-150. 
were t e s t ed ,  only f i v e  were found to c ross l ink  t h e  polymer e f f ec t ive ly .  
These compounds were blended i n t o  EVA copolymer (Elvax 150, DuPont) by cold 
mi l l ing  a t  room temperature on a d i f f e r e n t i a l  two roll rubber m i l l  a t  a level 
of 1.5 weight percent. 
compounds were then cured by compression molding 20 mil th i ck  plaques a t  a 
temperature of ~ S O O C  f o r  twenty minutes. 
determi- ' i f  t he  bas ic  cure chemistry of the peroxide w a s  compatible w i t h  
the  resi,. d following table ind ica t e s  the  r e l a t i v e  e f f ec t iveness  of the  
peroxides as judged by g e l  content  (percent inso lubles )  and the swell ratio 
( ind ica t ion  of the crosslid. d=3'tity) : 
O f  some twenty peroxide agents  that 
No other add i t ives  were incorporated. The r e s u l t i n g  
This basic test w a s  usefu l  for 
-not 331-tOD 7% 1u0. 93Oc toot 2.500 871 
bpalrol 0) 751 U8"C 99°C 77% 2,800 a9r 
1*rpuBol TBEc lo01 uo0c eroc 101°C a.um OS8 
s6606 loo1 96°C 76°C 77°C 3.200 698 
&luprml - 101 1001 13eOc uv0c 43°C 2,soo ear 
. 
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The degree of cure required for use i n  solar module appl ica t ions  w a s  
determined i n  a separate experiment. 
of 60% g e l  content resulted i n  compositions that were r e s i s t a n t  to  
thermal creep a t  llO°C. 
70% gel content  or better. 
w a s  found. 
It w a s  found that cures in excess 
It is f e l t  that  successful  cure may be regarded as 
Using this criteria, the following performance 
Peroxides: The/Tempera ture  Cure Determination 
(a 1 The Requr 'red f o r  70% G e l  Content 
Cure Temperature - 120°C l3OoC 14OoC -- lSO0C 16OoC 
Lupersol 101 
hpersol 99 
Lupersol 331-80B 
Lupersol TBEC 
N/A N/A 45 15 6 
30 20 1 2  8 2 
15  10 5 2 2 
30 10 4 2 1 
(a) Peroxides a t  1.5 phr i n  Elvax-150 
The preceding work represents  experiments that were conducted over a three 
year period of the. 
Lupsrsol 101 was the  only organic peroxide ava i l ab le  that was found t o  give 
sa t i s f ac to ry  resu l t s .  The o ther  compounds, Lupersol 331-80B, 99 and TBEC 
were introduced a few years  later. Due to  t h i s  f a c t ,  t w o  f a m l a t i o n s  of 
EVA have resu l ted ,  one based on Lupersol  101 (Springborn Laboratories 
No. A99181 and one based on Lupersol-TBEC (Springborn Laboratories No, 15295). 
Although these t w o  compounds perform the  same function, they do so through 
s l i g h t l y  d i f f e r e n t  chemistry. 
exclusively through the  vinyl  acetate groups on the  polymer, whereas the 
Luperso l  TBEC appears to be a c t i v e  with both the  polyethylene segments and 
the  vinyl  acetate groups. I t  has been found t h a t  i f  the  vinyl  acetate 
content is  reduced to  zero (pure polyethylene) no cure  results with Lupersol 
101, however Lupersol-TBEC is still capable of crossl inking a c t i v i t y .  The 
t i m e  /temperature r e s u l t s  i nd ica t e  t h a t ,  when compared to cure with Lupersol 
101, the new peroxide, Lupersol TBEC, may be capable of r e su l t i ng  i n  equivalent  
cure  i n  one thirci t o  one ten th  the  t i m e ,  depending on the  temperature selected.  
When the  need t o  cure the  EVA was f i r s t  recognized 
The Lupersol 101 add i t ive  c ros s l inks  the  EVA 
I 
I . .  
. .  
I 
-1 ' , .  
. I  ! 
. ,  
. I  
.-. - - 
- 5  -. 
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Of the four e f f i c i e n t  peroxides presented, Lupersol-TBEI: cu r ren t ly  appears 
to be the material of choice f o r  EMA also, and should be considered 
as a replacement f o r  the Lupersol-101 in fu tu re  formulations. 
t i o n  is based on: (a) it has the  highest  cur ing e f f i c i ency  of t h e  cross- 
l ink ing  agents examined t o  date, (b) it is 100% ac t ive ,  and (c) it has the 
lowest vapor pressure and is less prone to  volatile losses. 
Its selec- 
The high degree of cure a t  a lower temperature that r e s u l t s  w i t h  Lupersol- 
TBEZ is also des i r ab le  due to  the energy saving, and reduced time required 
f o r  hea t  t r a n s f e r  during lamination. 
Springborn Laboratories cu r ren t ly  o f f e r s  two coaamercial grades of EVA; t h e  
standard A9918  based on Lupersol-101 and the  " f a s t  cure" grade 15295 based 
on Lupersol-TBEX:. 
D. A n t i a d d a n t  Select ion 
Polyolaf ins  (such as polyethylene, polypropylene and EVA) are known to be 
s e n s i t i v e  to the combined effects of heat and a i r  (oxygen). T h i s  process 
(oxidation) causes the polymer to degrade and loose some of its desirable 
proper t ies ,  such as transparency, f l e x i b i l i t y ,  gel content ,  t e n s i l e  s t rength ,  
etc. 
chemistry by which peroxides cure the  polymer, however, now oxygen e n t e r s  
t he  reac t ion  and alters i ts  pathway. 
cause a chair 
f u l  p roper t ies  of 
that  terminate the reactions (ant ioxidants)  are used t o  s t a b i l i z e  polymeric 
mater ia ls .  
The process by which t h i s  happens is very similar to t he  f r e e  r a d i c a l  
Once s t a r t e d ,  the chemistry may o f t e n  
-eaction of events  that r e s u l t  i n  a rap id  dec l ine  i n  the use- 
le polymer. For t h i s  reason small q u a n t i t i e s  of add i t ives  
Following the  cur l ig  studies with Lupersol 101 peroxide, it w a s  decided t o  
perform a series of experiments t o  select an appropriate  ant ioxidant .  Formula- 
t i o n s  were prepared with d i f f e r e n t  candidate an t iox idants  and molded i n t o  
cured plaques that were subsequently hea t  aged i n  a c i r c* i l a t ing  a i r  oven. 
Each plaque a l s o  contained a d i s c  of unprimed copper t o  examine any corrosion 
e f f e c t s  tha t 'might  occur. 
g e l  dens i ty  ( t i g h t  o r  loose cure), co lor  upon thermal aging and corrosion 
effects on the  copper d isc .  The following table records the  r e s u l t s .  The 
compounds t h a t  could be re jec ted  immediately were those t h a t  resu l ted  i n  low 
g e l  contents ina ica t ing  i n s u f f i c i e n t  cure. 
The compounds were evaluated f o r  cured g e l  content ,  
--- , 
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Antioxidant Study 
(Elvax 150 Cured With Lupersol - 10L) 
400 Hours @ 90°C 
Level Gel G e l  Thermal Corrosion 
Density. Content S t a b i l i t y  E f fec t  on 
% Color Copper a. 
Antioxidant (Phr) 
Goodrite 3114" 0.2 l o w  17.6 1 2 
pionate 0.2 l o w  42.9 1 1 
Polygarc' 0.2 high 78.5 1 1-2 
Dilauryl  Thiodipro- 
Dis te ry l  Thiodipro- 
pionate 0.2 high 78.3 1 2 
Irganox 1076 0.2 high 76.9 1 4 
Naugard P 0. 2 low 69.4 1 1 
Naugard P 0.1 l o w  62.9 1 4 
Irganox 1035 0.1 
Irganox 1010 0.1 high 87.4 1 3 
Control - no A0 0 high 92 2 2 
MD 1024 
a. Thermal eva lua t ions  performed by subjec t ive  assessment of color formation: 
1. No color formation 2. Very l i g h t  co lo r  3. Light color 
4. Noticeably yellow 5. Bright  yellow 
b. Corrosion a l s o  determined by co lor  of r i n g  around copper molded i n t o  polymer. 
c. Phenolic compound, poss ib ly  causing W s e n s i t i z a t i o n .  Omitted from s e l e c t i o n  
Cmitted f o r  low g e l  conten t ;  No.'s I, 2. 
The ant ioxidants  were compounded i n t o  a complete formulation t o  include any 
an tagonis t ic  e f f e c t s  t h a t  could occur from other  ingredients .  A s l i g h t l y  lower 
l e v e l  of peroxide (0.75 phr)  w a s  used t o  accentuate  the  f r e e  radical i n h i b i t i o n  
e f f e c t  of t he  an t iox idant  . (a 1 
. 
(a) Antioxidant and peroxide curing agents  a r e  normally an tagon i s t i c ,  however 
the  b e n e f i t s  of both may r e s u l t  i f  they are k i n e t i c a l l y  d i s s i m i l a r .  The 
peroxide must "swamp" the  an t iox idant  with r a d i c a l s  during cure ,  and the  
an t iox idant  should be capable of slow long term r a d i c a l  terminat ion during 
the  se rv ice  l i f e .  
I '  
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The best ove ra l l  performance w a s  found f o r  Naugard-P. 
g e l  contents ,  no corrosive a t t a c k  to t h e  copper disc. 
the polymer specimen showed no s igns  of cdo r  formation and no r i n g  could be 
seen around the copper disc .  
is that it i s  not  a phenolic: compound and, therefore ,  does not  give rise to 
W s e n s i t i z a t i o n  and possible degradation of t he  polymer. Chemically, Naugard-P 
is an a l k y l  a r y l  phosphite, a high v i scos i ty  t ransparent  f l u id .  
although a f i r s t - c u t  s e l ec t ion ,  w a s  used i n  the Lupersol-101 formulations of 
EVA t h a t  followed. 
oxidant w a s  eventual ly  eliminated and replaced with another addi t ive.  
This compound gave high 
After  400 hours a t  90°c 
A d i s t i n c t  advantage to  the  use of Naugard-P 
This compound, 
I n  t he  advanced cure EvAs based on TBEC peroxide the  an t i -  
E. Photos tab i l iza t ion  
Vir tua l ly  a l l  polymers (except 
gradation caused by exposure to  sunl ight .  
responsible for t h i s  chemistry is  high energy l o w  wavelength region i n  t h e  
u l t r a v i o l e t .  
i n  the blue end of the spectrum. 
t i o n  depend on the  polymer involved, however they are a l l  i n i t i a t e d  by the  
presence of a "chromophore", or  group capable of absorbing the l i g h t  energy. 
These groups c o n s i s t  of s h i f t i n g  double bond s t r u c t u r e s  and typ ica l ly  include 
azo (N=N), ene (COC), carbonyl (C=O) # and aromatic groups. Polymers tha t  do not  
contain these groups as p a r t  of their s t r u c t u r e  still contain chromophoric im-  
p u r i t i e s  which make them suscept ib le  to a t tack .  
polypropylene, polyethylene. 
perfluorocarbons and s i l i c o n e s )  a r e  prone t o  de- 
The component of sun l igh t  l a rge ly  
This region comprises the  wavelengths from 290 nra to about 400 
The mechanisms responsible  f o r  the deter iora-  
Examples are polyvinyl ch lor ide ,  
When t h i s  high energy l i g h t  is  absorbed an exc i ted  state r e s u l t s  i n  the  molecule 
t h a t  (unless d i s s ipa t ed )  r e s u l t s  i n  a sequence of events that breaks the  chem- 
i c a l  bonds i n  the  polymer. The rupture  cf these bonds general ly  (a) fragments 
the  molecular chain so t h a t  the  o r i g i n a l  p rope r t i e s  of the polymer are l o s t ,  
and (b) generates f r e e  radicals that r e s u l t  i n  a propagating chain reac t ion  
that  fur ther  accelerates the degradation. 
d i sco lora t ion ,  flow, softening,  o r  other  loss of physical  property.  The general  
chemical mechanism is as follows: 
The r e s u l t  i s  o f t en  embrittlement, 
c 
. 
4 
I 
__-- 
: 
t 
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Photodegradation in Polyolefins 
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This diagram represents the chemical mechanism of degradation on rhe left side, 
and the additive used to interrupt this chemistry on the right side. 
Many stabilizers are commercially available that perform these protective 
chemistries. 
may be used. The requirements for an additive are: (a) must be transparent 
in the wavelength range of solar cells sensitivity, (b) must be mix compatible 
with the polymer EVA, (c) must be efficient in their action, (d) must not inter- 
fere w i t h  the cure chemistry, and (e) must retain their activity throughout 
the intended service life of the polymer. 
In a pottant application not all of these additive compounds 
a. UV Absorbers 
Ultravilolet absorbers are the most frequently used additive for imparting 
photostability In polymers, and are frequently used in the 0.1% to 0.5% 
level. W screeners function by preferentially absorbing the ultraviolet 
component of sunlight and converting it into heat via a 
cular rearrangemnt.Savera1 chemical classes of absorber compounds are known, 
temporary mole- 
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one of which, the benzophenones, is known to b e p a r t i c u l a r l y e f f e c t i v e  i n  
p l y o l e f i n s  such as EVA. 
the r e s u l t s  of RS/4 aging tests a t  Springborn, an absorber w a s  selected 
that appears to  be optimum for t h i s  sya:em. This  compound is Cyasorb- 
W-531 and is avai lab le  from American Cyanamide, Bound Brook, N.J.  
To date, t h i s  add i t ive  has performed extremely w e l l  and is used a t  a 
l e v e l  of 0.3 parts i n  t h e  formulation. 
From a study of manufacturers l i t e r a t u r e  and 
b. Hindered Amine Stabilizers 
Despite the e f fec t iveness  of u l t r a v i o l e t  absorbers a c e r t a i n  amount of 
l i g h t  may still  e n t e r  the polymer, e s p e c i a l l y  a t  the surface. 
events  caused by the remaining f r a c t i o n  of absorbed l i g h t  may be inter- 
cepted by the add i t ion  of a second s t a b i l i z e r .  This s t a b i l i z e r  may 
func t ion  by i n t e r a c t i n g  w i t h  any of the chemis t r ies  t h a t  follow the 
absorpt ion of l i g h t ,  i.e. excited state quenching, free radical t rapping  
and hydroperoxide decomposition. 
The chemical 
Qaenchers func t ion  by accept ing tho excited state energy from an ac t iva t ed  
chromphore group in the polyxmr. 
t o  a chemically stable ground state and leaves t h e  quencher i n  t h e  excited 
state. 
of  t r a n s i t i o n s  on the way back to ground state. Most Wenchers are based 
on highly colored metal complexes that would reduce the o p t i c a l  transrmis- 
s ion  of the p o t t a n t ,  consequently they were not  explored f o r  t h i s  use. 
The r e s u l t  is that the  polymer r e t u r n s  
The quencher then d i s s i p a t e a  the energy as heat through a series 
Free radical t r a p s  are compounds capable of r eac t ion  t o  y i e l d  non-free 
radical by-products, and consequently i n t e r r u p t  the a u t o c a t a l y t i c  propaga- 
t i o n  s t e p s  that lead rap id ly  t o  degradation. 
i n  t h i s  manner and are sac: i f i&l .  As the f r e e  radical r eac t ions  cont inue 
t o  be i n i t i a t e d ,  the  an t iox idant  molecules are gradual ly  consumed u n t i l  the 
polymer is  l e f t  unprotected. Antioxidants a r e  also known t o  p r o t e c t  u l t r a -  
v i o l e t  stabilizers from oxida t ion ,  consequently the presence of both 
stabilizers is  not  only add i t ive ,  bu t  sometimes syne rg i s t i c .  
Antioxidants genera l ly  opera te  
i .  
When a l i g h t  induced Free r a d i c a l  event  occurs  i n  a polymer atmospneric 
oxygen f requent ly  intervenes i n  the following manner: Re+ O 2  + R-0-0'. 
This group may now a b s t r a c t  a hydrogen from a neighbortng polymerr t o  give 
. _.. 
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a somewhat  stable hydroperoxide, R-00:'. and leave another reac t ive  
s+te on t h e  o ther  polymer chain. 
referred t o  as "photo-oxidation" . 
be deaotivated by trapping, the resid@ hydroperoxide group i e  un- 
stable i n  the  presence of hea t  and l i g h t  and may decompose to form new 
rad ica l s  that  start the  process over again. Hydroperoxide decomposers 
are reducing agents that chenucally react with the hydroperoxides to  
y i e ld  stable non-radical products such as R-OH, and HzO. 
One class of compounds, the  hindered amine l i g h t  stabilizers (u), 
have bem found to be remarkably e f f e c t i v e  i n  performing both r a d i c a l  
trappir.g and hydroperoxide decomposition. In addi t ion,  these  compounds 
e n t e r  a cycle  of regeneration such t h a t  the  species  that t r a p s  f r e e  
radicals is reac t iva ted  i n  the process of decomposinq a hydroperoxide 
group. 
s t a b i l i z i n g  a c t i v i t y .  
Tbis grocess repea ts  itself and is 
Although the  i n i t i a t i n g  r ad ica l  may 
This r e s u l t s  i n  an extremely e f f e c t i v e  and a non-sacr i f ic ia l  
The general  ritaction may be represented as follows: 
R 
HALS 
ROO* 
(ACTIVE SPECIES) 
The HALS product Felected f o r  use i n  commercial evaluat ion vers ions 
of EVA is Tinuvin-770, a product of Ciba-Geigy Corporation, Ardsely, 
New York. The compound is a f r ee  flowing whi te  powder and i s  incorpor- 
a ted  i n t o  the EVA base r e s i n  a t  a l eve l  of 0.1 p a r t s  per hundred p a r t s  
of res in .  Synergis t ic  s t a b i l i z a t i o n  r e su l t i ng  from the use of Tinuvan- 
770 and Cyasorb W - 5 3 1  has been reported i n  the recent  l i t e r a t u r e ( a )  and 
the  e f fec t iveness  of these addi t ives  i s  a l s o  apparent from the  outstanding 
s t a b i l i t y  of the  r e su l t i ng  formulation. 
I 
c )  Allen,  Journal of Applied Polymer Science, Vol. 27, page 2761 (1982) 
c 
I, 
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k. Formulation, Compounding and Extrusion 
t 
Any material to be used in the construction of solar modules must firet be 
formulated to have the requirsd physical, chermal, optical, an? electrical 
properties, but second must be available in a form that is suitable for 
fabrication. 
necessary that the physical form of the polymer be appropriate to the en- 
capsulation techrque being employed. 
In order to use polymeric materials as pottants, it is 
The work OF curing agenis, antioxidants and -.ltraviolet stabilizers has 
resulted in two formulations to date The first formulation employs 
Lupsrsol 101 as the curing agent, and the second is a faster cure version 
based on Lupersol-TBEC. The formulations are: 
(dl Coarmercial EVA Formulations 
A9918 15295 Form Supplier 
-_ I  
Compound 
Elvax 150 100 100 Pellets DuPont 
Lupersol 101 1.5 - Liquid Lucidol/Pennwalt 
Lupersol TBEC - 1.5 Liquid Lucidol/?ennwalt 
Cyasorb UV-531 0.3 0.3 Powder American Cyanamide 
Naugard-P 0.2 0.2 Liquid Uniroyal 
Tinuvin-770 0.1 0.1 Powder Ciba-Geigy 
Laboratory investigations showed that these ingredients may be blended (com- 
pounded) easily in the melt phase and trial formulitions were easily pre- 
pared using a differential two-roll mill. This method works well for small 
ktches (100-500 grams),however it could never produce the amount of com- 
pound required for production purposes. In production, an extruder is required 
to convert the polymer formulation into a sheet form suitable for cell lamina- 
tion. 
was decided to combine the extrusion and compounding steps into one operation 
so that blending of ingrediects occurs in the extruder. 
large scale production of EVA sheet were devised using this method. 
Since the extrusion process passes the polymer through its melt form, it 
Techniques €or the 
(d)EVA A9918 is the standar 1 commercial grade of EVA lamination material; 
15295 is the "fast cure" qrade. 
* 
\ :  
, 
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I n  production, a mixture of ingredien ts  must be prek-red f i r s t  to uive 
”hopper feed” f o r  t he  extruder. 
One hundred pound lo t s  of t he  clear EVA compound a r e  e a s i l y  prepared by 
taking the ingredients  as listed i n  the  formulation and simply tumble 
blendii._ L&em in a ro ta t ing  drum. 
the surface of t he  EVA pellets i n  t h i s  process and cause the powdered in-  
gred ien ts  to adhere i n  a uniform iayer .  
ing the r e su l t i ng  mix can be used d i r e c t l y  a 
can be noticed in the f i n a l  product and the extrusion process y ie lds  a 
thorough blend. 
Barrel  blending w a s  found to work well. 
The l i q u i d  ingredients  d i sperse  over 
After half an hour of tumble blend- 
“hopper feed”. No inhomogenity 
Preliminary c m d i t i o n s  es tab l i shed  i n  the laboratory were then used towards 
a large-scale pi lc t  plant production. 
ducted using a Hartig 2-1/2 inch extruder with a general purpose single-  
stage s c r e w .  In  the extrusion process hea t  is appl ied to rhe feed zones 
(1 and 2) i n  order  to  develop a m e l t  plug that forces  the  r e s i n  along the  screw 
towards the  die.  
zones C4-81,and the  temperature i n  + h i s  region is kept low enough (belov 12Qo0”) 
to prevent premature c ross l ink ins  of t he  r e s i n  and decomposition of t he  per- 
oxide. 
A major extrusion e f f o r t  was con- 
Most of the  compounding occurs i n  the mix and compression 
0 Extrusion a t  the  d i e  seems t o  give the  best r e s u l t s  a t  about 75 C. 
The .-ollowing lists the  average e;.trusion conditions found f o r  both r e s ins ;  
A9018 and 15295. 
EVA Extrusion Conditions 
Equipment : 
Temperature 
Zone 
__I 
0 
0 
Set  Temp. C 
Run T~mp. C 
Hartig 2-1/2 inch extruder  w/single s tage  polyethylene 
screw. 24:l  L/D 
Screw compression ratio; 3.5:1, water cool option, 
Screen Pack: 20, 100, 80,  20 mesh 
D i e  dtdth: 32 inches - f u l l  web 
Prof i le :  
--- Barrel D i e  
1 2 3 4 6 8 9 10 11 -- -  - - - - - - -  
80 75 75 88 93 93 80 75 
90 98 105 115 115 115 80 75 75 
7 . .  
L' 
2- - 
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Tae-up Falls: 
Pack Pressures: 2600-3400 psi 
Screw Speed: 36 rpm (22%) 
Speed, Extrudate: 6.4 - 6.5 feewminute, 24 inch width 
Thickness : 18 mils 2 1 (c lxc) ,  14 mils 5 1 (white) 
F a l l  No. 2 - 28OC : Rolls 3, 4 approximately 15OC 
apprx imate ly  110 lb/hr. 
Extrusion proceeds 
through screw appears to be e f f e c t i v e  i n  maintaining the temperature below 120 c, 
The difference between the set and run temperatures is due to the shear heat- 
ing that results from mechanical working of  the polymer. The extruder heat- 
ers are thenmcozlple controlled types and switch o f f  when they reach the de- 
sired temperature. 
heaters spend most  of their time i n  the "off" mode and the extrusion procedes 
under ambient conditions. Using a dye marker, t h e  residence t i m e  of the 
polymer i n  the extruder (from feed zone to die) has been found t o  be i n  the 
order  of three minutes. 
r e s u l t s  i n  very l i t t l e  peroxide decomposition and no premature curing of  t he  
polymer. The same conditions are used f o r  both polymer formulations, however 
the  15295 compound is much more s e n s i t i v e  to hot spots and high shear zones 
should be avoided, The temperature should always be measured d i r e c t l y  i n  the 
m e l t  stream and the re  should be some provision f o r  cooling the  barrel i f  the 
heat build-up becomes ex-essive. 
smoothly with no d i f f i c u l t i e s ,  and a slow w a t e r  t r i c k l e  
0 
After the extrusion process has run f o r  awhile these 
This s h o r t  t ime  and the  r e l a t i v e l y  l o w  temperatures 
The sheet  extrudes a t  a rate of abcxt 8 feet per minute and is taken up 
on chrome rollers cooled t3 5-10°C. 
24 inch wide shee t  a t  0.018" 2 0.01". The sheet  is wound on cardhoard ccres 
with release paper inter leaving,  The inter leaving is  necessary to  prevent 
t he  wound sheet  from "5locking" or s t i ck ing  to i t s e l f  so t h a t  the p l i e s  are 
d i f f i c u l t  to  separate. 
on the EVA sheet  has been explored and found t o  be an e f f e c t i v e  way to  prevent 
t he  EVA p l i e s  from s t i ck ing  t o  each other.  With the  embossed surface,  t he  re- 
lease paper may be eliminated and the sheet  winds and unwinds without d i f f i c u l t y .  
This technique has a drawback, however. The embossing process compresses the 
f i lm during extrusion and bu i lds  i n  a c e r t a i n  amount of mechanical stress 
i n  the width direct ion.  
t i on  stress relaxat ion occurs and t h e  polymer ter-d.: to  shrink inwards. This 
The thickness i s  uniform across  the  
The use of ac embossing r o l l e r  to  pu t  a surface t ex tu re  
When the EVA sheet  is  reheated during module fabrica- 
!I 
I 
I !  
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- .- - 
0 
0 0 1.0 
0 0 2.3 
0 0 3.4 
has been found to S h i f t  the cells and throw them out  of register during 
lamination, 
separator method. 
This problem is avoided with the use of the release paper 
G. Cured Properties 
1.0 4.1 29.9 
11.8 21.1 73.0 
23.5 63.2 82.6 
59.3 88.3 
68.2 
# 
Adequate curing of the EVA f-ation is an essential part of its 
successful use as a solax cell potting compound. 
results from a wmbination of t ime  and temperature that may be estimated from 
the peroxide thermdl decomposition curve (Figure 1 AppemUx 1, Due to the 
intsractive and competing chemistries that occur i n  formulated compounds, 
laboratory experiments were conducted to determins the time temperature 
relationship empirically, 
platten,pressed at  known temperatures, and removed at predetermined times. 
The cured resin was the;l tested for gel content in  order to determine the 
d w e  of cure. 
given i n  the following tables: 
The curing chemistry 
Samples of extruded resin we= placed i n  a heated 
The resulting gel contents, times and tempexawes are 
Timh 
Minutes : 
2 
5 
10 
15 
30  
G e l  Contents 
EVA Formulation A9918 
1lO'C 120'C 130°C 14OoC - lSO°C 16OoC - - 
. 
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Gel Contents 
P' Formulation 15295 
Tima 
Minutes : 
2 
5 
10 
15 
30 
llO°C - 12OoC 130°C 140°C - lSO°C - l6O0C - 
These results represent  labora tory  cures i n  which t h e  hea t  t r a n s f e r  may 
assumed to be instantaneous,  however they should still  be use fu l  f o r  es t imat ing  
processing condi t ions  used i n  module f ab r i ca t ion .  As can be seen, t he  f o m -  
l a t i o n  using TBEC peroxide (15295) is s i g n i f i c a n t l y  faster than the A9918 and 
also permits effective curing a t  lower temperatures,  
determined by g e l  conten t  (percent  i n so lub le s )  may be determined by a simple 
labora tory  procedure, as follows: 
be 
The degree of cure as 
GEL C O N "  DETERMINATION 
Ren;ove a small  p iece  of cured EVA (1 t o  2 g )  and weigh on an a n a l y t i c a l  
balance t o  three decimal places .  
Place the specimen i n  LOO m l  of  toluene and heat  t o  6OoC for 3 hours. 
pour the mixture through a p iece  of  weighed f i l t e r  paper to  catch the 
g e l  f r a c t i o n  and permit it t o  d r a i n  completely. 
D r y  the f i l t e r  paper a d  g e l  f r a c t i o n  a t  60°C f o r  3 to 4 hours (no 
odor of toluene so lvent  should remain). 
Weigh t o  three decimal p laces  and s u b t r a c t  the  weight of the f i l t e r  peper,  
The g e l  content  is ca l cu la t ed  as: 
weight of ZVA residue from toluene 
weight of o r i g i n a l  EVA specimen % 
EVA w i t h  g e l  content  over 65% may be regarded as acceptably cured. 
The descr ibed labora tory  lamination process has r e su l t ed  i n  g e l  conten t  
cons i s t en t ly  ranging from 75% to 80%. 
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The adequate curing of EVA also results in a change in some of the other 
&asurable prdperties, A sunmazy of these is tabulated as follows: 
EVA Properties Sununary 
Elvax 153(c) A9918(d) 1529S(d) 
850 1,830 3,629 (a) Ultimate Tensile Strength,  p s i  
Ultimate Elongation (a) 1,050 510 575 
Secant ~odulus (1% Strain) (e' 850 890 755 
90.5 91.0 92.0 
-43 
Hardness, Shore A 65-73 76-79 70 
(b) optical Transmission 
0 Glass Transition Temperatrue, C -43 -43 
0.957 0.920 - -  Den~ity, g/cm 
Rafractiw Index 1 482 1 , 482 1.479 
W Cutoff Wavelength, nm 290 360 360 
3 
Gel Content, % 0 75 75 
!a) ASTM 0-638 
(b) ASWA E-424 
H. Module Processing 
(c) Uncured natural resin 
(d) Fully cured compounds 
A successful and predictable module-fabrication process for EVA pottant has 
been achieved through a double vacuum-bag technique, 
a special piece o: equipment was built, The apparatus, schematically shown 
on the folrowing page consists of a double-sectioned aluminum picture frame, 
c1o;ed at the t q  v d  bottom by aluminum plates. 
soparates upper and lower cavities, and also function as a vacuum-tight gasket. 
Each chamber has its own vacuurn gauges and valves for its individual. evacua- 
tion. 
with bolts and a silicone rubber gasket. 
to the bottom of the lower frame piece with a silicone-rubber O-ring gasket. 
To implement this technique, 
A flexible polymer diaphragm 
The top-cover plate is permanently attached and sealed to the top cavity 
The lower prate is removable and seals 
J , .' 
L 
II ..' 
_.-. 
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The diaphragm material used is a high-temperature nylon film, 0.003 inch thick, 
which is flexible, but not elastic. Conceivably, other types of films would 
-p:k well in t h i s  application. 
VACUUM GAUGE AN0 
UPPER a w r y  
VACUUM GAUGE AN0 REGUUM)N VALVE REGULATION VALVE 
COWER CAVITY I TOP COVER CUMP SCREWS I A 
SlLlCOM RU88EA G A S K n  
ALUMINUM FRAME ' 
SILICONE RUBBER GASKET 
/ I  
SUPPORT PLATE 
Vacuum Bag Laminator 
The module assembly is placed under the flexible diaphragm, in the lower 
cavity. The top surface of the module assembly is positioned flush with 
the top edge cf the lower cavity, by stacking a necessary number of thin 
metal plates in the bottom of the lower cavity. The double vacuum-bag 
design enables initial exposure of the module assembly to a vacuum without 
simultaneous compression of the diaphragm, thus greatly enhancing air 
exhaustion from the module assembly. To ensure thorough air exhaustion, 
especially from large-area modules, the use of air-release scrim sheets 
of material such as Craneglas should be incorporated in the module assembly. 
Diaphragm compression of the module assembly can be dcne at any stage of 
the lamination cycle by pressuiizing the upper cavity. Compression should 
be initiated or achieved, however, 
1 20OC. 
In practice, the module components 
the encapsulation step. The basic 
vacuum-bag processing of substrate 
before the temperature of the EVA reaches 
are preassembled into a sandwich before 
assembly of materials required for 
and superstrate modules are shown . 
c 
cl - 
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Substrate Module Supers t ra te  W u l e  
e t e r  cover 
Bac)r 
t- st----- r 3 
Substrate Super s t r a t e  
Once the  basic module coprrponents for either design have been assembled, 
a 10-mil-thick fluorinated ethylene propylene (PEP) release film,or an 
equivalent,should be included above and b e l o w  the assembly. 
films should be c u t  to  match the area of the module. These o u t e r  FEP 
f i lm  l a y e r s  are then taped together over the edges of t h e  module assembly 
with masking tape to conta in  t h e  EVA h e n  it s o f t e n s  during the heat ing  
cycles. 
r a t h e r  than t o  sur faces  of the module. 
entrapped a i r  seems to d i f f u s e  o u t  e a s i l y .  
The release 
The wraparound of masking tape is attached to  the FEP film laye r s ,  
Although t h e  edges are taped f i rmly ,  
An add i t iona l  f a b r i c a t i o n  aid is to include t w o  S-mil-'-&ck (or t h i c k e r )  
m e t a l  (steel or alminum) plates, one on each side of the taped module 
assembly. 
area, and r e s u l t  i n  uniformly t h i c k  modules, w i t h  smooth, wrinkle-free 
back-cover or front-cover surfaces. 
These p l a t e s  d i s t r i b u t e  t h e  lamination pressure over the module 
The completed module assembly with taped edgas is than placed i n  the lower 
cavr ty  of t he  laminator and a mic ro themcoup le  i s  taped o n t o  the FEP 
release f i l m  a t  the module center .  The thermocouple permits convenient 
monitoring of the module temperature during the lamination cycle .  The 
f l e x i b l e  diaphragm and upper-cavity f i x t u r e s  are then posi t ioned.  
I .  
I .  
I 1  
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Both tke upper and lower cavity are evacuated at room temperature for 
5 to 10 minutes before heating, to exhaust the air from within the 
module assembly. 
and lower cavity, the entire vacuum-bag fixture is loadeC between the 
preheated (15OOC) platens of a hydraulic press, which serve as the 
heat source. The ram pressure is just sufficient to close the press 
and provide good heat transfer to the vacuum-bag fixture. 
from the platen should rest only on the frame of the fixture and should not 
contribute any pressure to the surface of the module. 
While maintaining continuous vacuum in both the upper 
The pressure 
In this process, pressurization of the upper cavity to 1 atm of pressure 
is initiated when the module assembly temperature reaches 1 2 0 ~ ~ .  
double-vacuum-bag fixture provides a capability of limiting pressurization 
in the upper cavity to less than 1 atm. However, low-.ressure (< 1 a m )  
lamination has not yet been experimentally investigated to determine the 
effect of pressure in inhibiting gas-bubbles formation due to peroxide 
decomposition. 
The 
The time-temperature heating pattern of the module assembly after loading 
the vacuum-Sag fixture into the preheated hydraulic press is shown in 
Figure 2 . Experimentation with this heating process has demonstrated that 
a dwell time of 10 minutes at 150 C results in an acceptable EVA cure 
(less than the 20 minutes determined in the laboratory testing). The re- 
duced dwell time reflects the degree of partial curing that occurs during 
the heat-up time to 150 C (faster or slower heating rates may require 
adjustment of the dwell time at the peak cure temperature). Samples of 
EVA taken from modules laminated by this process and associated time- 
temperature heating patterns exhibit acceptable cure rith gel contents 
over 75%. 
0 
0 
0 After the 10-minute dwell at 150 C, the laminator can be removed from the 
heating press and permitted to cool in still air. When a temperature of 
about 40 C is reached, the vacuum in the lower cavity may be released, and 
the completed module may be removed from the laminator. 
0 
c -  
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Modules prepared by the preceding process have been f u l l y  cured, and 
are bubble-free and of gsod appearance. 
been noticed. 
No evidence of cell  damage has 
Lessons learned from the  laboratory development ind ica t e  t h a t  an 
industr ia l -s( .a le  EVA lamination method must: 
Prevent Jxposure of the EVA during heat ing to  atmospheric oxygen, 
which w a s  found to  i n t e r f e r e  chemically with the cure. 
H o l d  the module components phys ica l ly  i n  place (above 70 C, and 
before cure  above 120 C t o  a tough elastomer , t he  EVA is i n  a 
f l u i d  s ta te) .  
Apply uniform pressure over the surface area of t h e  module during 
t h e  high temperature cure  stage. 
Maintain constant  vacuum f o r  air  and gas  removal. 
U s e  air-release spacers (e.g., Craneglas) i n  t h e  module assembly 
to  f a c i l i t a t e  total  a i r  removal from module in te r faces .  
0 
0 
H, Aging Behavior 
As with a l l  polyolef in  polymers, EVA is  known t o  have c e r t a i n  aging propert ies .  
The causes of aging are heat,  oxygen, and l i g h t .  In  addi t ion  to  these  bas ic  
aging stresses, the re  is  also the  p o s s i b i l i t y  of c a t a l y s i s  by o the r  materials 
t h a t  cause the  aging e f f e c t s  to  be accelerated. Metal ions  are known to  have 
t h i s  effect.. During t h e  development of EVA ce r t a in  tests were performed to  
assessthe relative s t a b i l i t y  and aging behavior of EVA and discover the  l i m i -  
t a t i ons  of its use. Experiments were conducted i n  which tes t  specimens of  EVA 
were exposed to  individual  and combined stresses and the  change i n  properties 
monitored with time. The f i r s t  experiments concerned thermal aging. 
a. Thermal Aging 
Although t h i s  method is  simple i n  concept and easy t o  implement .ere are 
c e r t a i n  po ten t i a l  sources of error t h a t  should be considered prior to  
running the  tests.  For example, forced a i r  ovens may r e s u l t  i n  an  abnormally 
rapid r a t e  of loss of the  an t iox idants  and o ther  compounding ingredients .  
1 
i 
I 
I .  
I 
I i i  
_- 
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Even stabilizers of reasonably high molecular weight are subject to 
loss by evaporation and continual extraction by the air stream. 
Two general types of thermal degradation may take place in tne polymer 
systems of interest; (a) thermal oxidation, in which a chemical reaction 
occurs between the polymer and oxygen in tile atmosphere, and (b) ther- 
molysis, in which the energy provided by heating causes a change in the 
chemical structure o f  the resin by itself. 
In the thermal aging tests at Springborn, the encapsulation test specimens 
are aged in sealed jars to prevent. loss of stabilizer, cross-contamination 
of compounds, and also to provide aging in atioospIieres of both air and 
nitrogen. 
The purely thermal degradation of ethylene vinyl acetate resins, in the 
absence of oxygen and water vapor, proceeds by the conversion of acetate 
groups to acetic acid, followed by crosslinking at the resultant sites 
of unsaturation, and ultimately crosslinkil.3. The chemistry may be re- 
presented as follows: 
H H  H H  
I 1  - C = C  - C -  + CH3COOH 
Unsaturation Acetic acid 
\ 
CH3 
The thermal degradation rate versus temperature fo r  the conversion of 
acetete groups to acetic acid is shorn in Figure 3 which is reproduced 
from DuPont Technical Bulletin 0820.2. Significant conversion only occurs 
at very high temperatures, which can occur durixj certain high-temperature 
processing operations, but that at temperatures close to ultimate roof- 
top temperatures, 85-90 C ,  the conversion rate is an almost negligibly 
low value of 6.3 x per minute (log k = - 9 . 2 ) .  If the EVA were 
sustained continuously at 85-90 C for 20  years in the absence of oxygen 
and water vapor, this would correspond to a net conversion of only 0.006% 
0 
0 
. 
LJ 
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of the acetate groups to  acetic acid. 
20 y e a r s  would correspond t o  an acetic ac id  accumulation of less 
than 0.002 w t  % i n  EVA pot tan t .  
p r i s i n g  
would isolate the EVA pottant from exposure to  atmospheric oxygen and 
water vapor, and with only a few hours pe r  day a t  which the module would 
be a t  roof top  peaking temperatures,  a problem assoc ia ted  with acetic acid 
generat ion over 20 years  appears remote. No problem is expected with a 
hermetic module design a t  array peaking temperatures of 55 C to  60 C. 
The following table g ives  the r e s u l t s  of thermal aging a t  7OoC, 90°C 
and 130 C and up to 7,200 hours of exposure t i m e .  
On an absolu te  weight basis, 
A hermetic module design com- 
a g l a s s  s u p e r s t r a t e  b7d a metal-foi l  back cover e s s e n t i a l l y  
0 0 
0 
Thermal Aging 
of Cured A-9918 EVA i n  Circulating-Air Ovens 
Time Property 7OoC 90% 1 3OoC 
1 wk Tens i le ,  l b / i n  .2  2685 2200 2000 
(168 h )  U l t .  e longat ion ,  X 595 5 50 550 
3 wks Tens i le ,  lb/ in .2  1700 1800 1240 
( 5 0 4  h)  Ult. elongat:on, X 6 70 6 80 6 38 
2 m  Tens: l e ,  lb / in .2  2370 2660 1320 
(134.4 h i  U l t .  f i longat ion,  X 6 00 7 84 647 
10 mo ' 1 . ~  s i l e ,  l b / in .2  specimen 2120 144 
(72cK h )  'Jii. elongation, % lost 6 60 37 
Gel con ten t ,  X 9 1% 88% 
Co 1 or c l e a r ,  no brown/ 
yellow orange 
Op ti  ca 1 t ransmi s s ion, X 9 1% 74% 
Tangent modulus, lb/ in .2  833 335 
i 
Control (Unaged) 
2160 Tensi le ,  lb/ i n .  
U l t .  Elongation, % 677 
o p t i c a l  Transmission, % 91 
Gel Content, % 91 
2 
ci 
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b. Photothermal Aging 
Springborn Laboratories has exposed Elvax 150 and cured A-9918 EVA 
t o  W l i g h t  a t  5OoC. 
sunlamp, which i f  f i l t e r e d  t o  remove n o n t e r r e s t r i a l  wavelengths below 
300 m. 
l oca t ion  have been measured and when compared wi th  the  peak i n t e n s i t i e s  
of AM 1.5 n a t u r a l  sun l igh t ,  correspond t o  an average W i n t e n s i t y  of 
about 1.4 suns. 
W i n su la t ion  i n  the  United States were de l iverad  a t  AM 1.5 peak in- 
t e n s i t i e s ,  t h i s  would correspond t o  about 5 hours pe r  24-hour day t o  
d e l i v e r  the to t a l  annual W insolat ion.  Defining a 1-sun W-day as 5 
hours i n  each 24-hour day, then about 1300 hours of exposure t o  these  
RS/4 suniamps operat ing a t  1.4 suns W i n t e n s i t y  represent  one year of 
outdoor W exposure. An exposure temperature Gf 50 C w a s  s e l ec t ed  t o  
match a r r a y  peaking temperatures. Atmospheric moisture i n  t h e  RS/4 t es t  
chambers is  that assoc ia ted  with the labora tory  environment, typically a t  
a r e l a t i v e  humidity of about 50% to  60% a t  25OC. 
The W l i g h t  source is  a General Electric Rs/4 
The W spectra and i n t e n s i t y  from these  lamps a t  t h e  sample 
I f  it is assumed tha t  t y p i c a l  values  of to ta l  annual 
0 
Exposure of  unprotected Elvax 190 to  RS/4 W a t  5OoC r e s u l c s  i n  a 
v i s i b l e  onse t  of yellowing a f t e r  1000 hours which cont inues and becomes 
more in tense  v . . i th  continued exposure. The sur face  of t h i s  mater ia l  be- 
comes s t i c k y  and the  phys ica l  shape of t h e  specimen eventual ly  shows a 
tendency t o  flow. The specimen is  untes tab le  a f t e r  1,500 hours. Ex- 
posure of an Elvax 150 sample crossl inked w i t h  1.5 phr of Lupersol 101 
(no s t a b i l i z e r s )  e s s e n t i a l l y  p a r a l l e l e d  the aging behavior of the  un- 
c ross l inked  Elvax 150. 
i n i t i a l  physical  form, presumably due t o  c ros s l inkmg.  Deter iora t ion  
involving yellowing and sur face  s t i c k i n e s s  also re su l t ed  i n  terminat ion 
of t h i s  aging test a t  1500 hours. Crossl inking of Elvax 150 alone i s  
i n s u f f i c i e n t  t o  s top  or suppress the  action of W photooxidation. 
The major d i f f e rence  was gener 1 re t en t ion  of i t s  
Specimens of cured and f u l l y  compounded A-9918 EVA were alsa exposed 
t o  Rs/4 W a t  50°C. No add i t iona l  W-screening f i lms  o r  covers were 
used. This  axposure t e s t  involved two d i f f e r e n t  l o t s  of cured A-9918 EVA. 
As a t r ia l  experiment, a small p iece  of cured A-9918 EXA w a s  exposed t o  
Rs/4 t o  v isua l ly  assess the aging behavior of t h i s  material. When this 
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sample passed 3000 hours of exposure without any v i sua l  changes, it 
was decided t o  i n i t i a t e  
specimens i n  order to  monitor o p t i c a l  and mechanical properties as a 
function of aging t i m e .  The i n i t i a l  specimen, designated L o t  1, was 
l e f t  i n  the  Rs/4 chamber to  continue accumulating exposure t i m e ,  and 
the  new batch of cured A-9918 EVA specimens were designated as Lot 2. 
exposure of a larger quant i ty  of c u e d  A-9918 
The optical  and mechanical 2ioperties of L o t  2 A-9918 EVA, with up to  
27,000 hours of e x p o s v e  are given i n  the  following table. A t  27,000 
hours there  w a s  very l i t t l e  change i n  the  measured proper t ies  o f  t he  
cured A-9918 EVA. The sample removed f o r  t e s t i n g  w a s  clear, had no 
v i s ib l e  ind ica t ions  of any yellowing, w a s  firm and non s t i c k y  t o  t h e  
touch, and exhibi ted no change i n  its ph-Vsical form. The L o t  1 sample, 
having then accumulated 30,000 hours of exposure t i m e ,  was also clear, 
with no ind ica t ions  of degradation. 
The Lot 1 material was f i n a l l y  terminated a t  a total  of 40,OOC hciurs of 
exposure a t  which poin t  a f a i n t  yellow color and small surface cracks 
had appeared. Thh.. measured mechanical proper t ies  were s c i l l  unaffected. 
0 Accepting t h a t  1300 hours of  RS/4 exposure a t  50 C equates to  1 year of 
outdoor exposure a t  50 C ,  then 27,000 to 30,000 hours would correspond 
t o  more than 20 years  of outdoor UV exposure. For an array i n s t a l l a t i o n  
having a peaking temperature near 55 C, there  RS/4 data t rends  s t rongly  
ind ica te  the  pot . t i a l  of 20-year se rv ice  l i f e  f o r  cured A-9918 EVA. 
0 
0 
The tes t  results from the  RS/4 exposures a r e  tabulated on the  following 
Page - 
1 .  
1 
. 
.. . 
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Properties of Cured A-99J.8 EVA as a 
Function of ExFosure Time to RS/4 W at 50% 
Total Integrated 
Lot 2 Transmissiona, at  Break, 
L i m i t  Tensi le  Strength 
Spec inens x l b  I in2 
Elongation 
at Break, I 
x I S  
! 
1 .  510 Control 91 .i) 1890 
2,880 h 91.0 1930 631 
550 5,760 h 90.5 1340 
8,640 h 
15,120 b 
27,000 h 
90.0 
90 .O 
90.0 
,660 
1520 
1870 
590 
570 
560 
ut 1 
Specimens 
1450 
1480 
1479 
30,000 h 
35,000 h 
40,000 h 
480 
864 
714 
(a) Measured over 350 nm to  800 m i n  50 nm band increments 
(b) I n s u f f i c i e n t  specimen ava i l ab le  
.. 
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c Metal Catalysis  
Many metals having t w o  or  more stable oxida.tion states are known f o r  
t h e i r  a b i l i t y  to  degrade polymers. 
fo r  having a "pro-oxidant" a c t i v i t y  i n  polyolef ins  and r e s u l t s  i n  rapid 
accelers t ion of nsrnal ly  slow oxidation rates. This e f f e c t  is  of cm- 
cern i n  the  w i r e  and cable industry where o l e f i n  r e s ins  are molded over 
copper conductors and a whole class of  polymer addi t ives  known as 
"metal deactivators" have been developed i n  order to  i n h i b i t  this ef fec t .  
Copper is  pa r t i cu la r ly  w e l l  known 
Tb- presence of multivalent metals i n  polymers is believed tc induce or 
accelerate auto-oxidation i n  polymers by forming unstable coordination 
complexes with polymer hydroperoxides. These hydroperoxides theri react 
with the  metal ion via an cxidation-reduction mechanism to  give free 
radicals which suksequently accelerate the  deqradation process. The 
ca t a ly t i c  e f f e c t  comes from the  f a c i  t h a t  t he  metal ion r e s u l t s  i n  the  
production of f r ee  rad ica ls  from both high or l o w  oxidation states and 
therefore "recycles" as shown: 
n+ (n+l) 
n ROOH + M  B M  
ROOH + M (n+l) M + H+ + ROO- 
Very small amounts of soluble copper ions i n  the  polymer may have a 
dramatic e f f e c t  m the  oxidation r a t e .  Metal deact ivator  are usual ly  
"chelating" compourds t h a t  axe thought t o  operate  by t w o  modes; f i r s t l y ,  
c.omplexing the  copper i o n  i n  the  polymer and rendering it chemically in- 
act ive,  and secondly, by forming a "passivation' l ayer  on t h e  surface of 
the exposed metal. Although some of these comounds appear t o  work q u i t e  
w e l l ,  it is  generally acknowledged t h a t  the polymer t h a t  i s  not  exposed to  
ca t a ly t i c  metals is st i l l  more stable than the polymer t h a t  i s  exposed 
t o  the metal and has a deact ivat ing addi t ive.  
The pot tant  used i n  encapsul.ating PV modules w i l l  come i n  d i r e c t  contact  
with metal l ic  conductors on the f r o n t  and back s ides  of t he  cell .  Con- 
sequently, the poss ib i l i t y  ~f chemical react ion,  espec ia l ly  a t  high t e m -  
peratures,  exists.  
e- 
.’: 
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Due to the use of metals (and possible use of copper) as exposed 
conduc’,ors i n  W modules, a series of experiments were erfonned ta 
assess the seriousness of this condition. 
m e t a l  %orrosion‘ specimens w e r e  included i n  all conditio.= (60 , 8S0 ,  
lOSo 
lead/ t in  solder. 
times,no adverse e f f e c t s  were noticed with the aluminum or solder. The 
copper proved to be very c a t a l y t i c ,  however, and resulted i n  discolora- 
t i c n  of  the host  r e s i n  and r ap id  de t e r io ra t ion  of physical properties. 
In the thermal aging pzogram, 
0 
and 13OoC) and consisted of strips of  copper, alumin-, and 60/40 
Even a t  the highest  temperature,and a t  the longest  
Due to t h i s  observation, a series of experiments on metal deact ivat ion 
were conducted t o  determine i f  t h i s  effect could be inhibited t h o u g h  
the use of deact ivator  compounds or possibly by silme passivat ion of the 
copper surf ace, 
Test specimens were prepared by molding the  candidate r e s i n  formulation 
over a copper screen to  y i e l d  a coupon that could be monitored by spectro- 
scopy. The earliest quan t i f i ab le  s ign of polymer degradation (non- 
destruct ive)  is yellowing, which is most easiljl monitored by measuring 
the percent transmission a t  450 run. 
the  r e s i n  to  C O L ~  i n t o  intimate contact  with the  r e s i n  and still  be 
monitored by transmission measurements. All r e s i n s  were crosslinked 
with 1.5 phr of Lupersol-TBEC and 0.2 phr of a metal deact ivator  (except 
the control) .  Two metal deac t iva to r s  were evaluated, -1024 ( C i b a  
Geigy) and Cyanox 2379 (American Cyanamid). Tho Cyanox 2379 is  not  a 
commercial product, however i t  w a s  evaluated following a l i t e r a t u r e  search 
that indicated it to  be the  m o s t  e f f e c t i v e  deact ivator  for polypropylene 
ye t  discovered, The tes t  specimens w e r e  measured f o r  color  change and 
v i s i b l e  changes a f t e r  thermal aging a t  105 C i n  both a i r  and nitrogen. 
The r e s u l t s  are shown on the  following page. 
The use of copper screen permits 
0 
. 
L 
i 
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Metal Deactivator evaluat ion 
I 
, 
Polymer Deactivation 
EVA (air) None 
(crosslinked w/1.5 + Si l ane  
Phr TBBC) Cyx 2379 
HD1024 
MD1024 + Si l ane  
Cyx 2379 + Si l ane  
(nitrogen amsphere) Cyx 2379 + Si l ane  
(15299-3B-N2) 
Lifetime, hrs. 
650 
840 
990 
1150 
1024 
1320 
> 8500 
As may be seen, s i l a n e  treatment of the copper appears to provide a 
chemical barrier that aids i n  the corrosion decoupling o f  the polymer 
and the metal. 
improve the e f fec t iveness  of the metal deactivator s y n e r g i s t i c a l l y  and 
further extend the lifetime. The lsast m e t a l  catalyzed oxidat ion w a s  
found for those =-pecimens including both metal deactivator and s i l a n e  
treated copper. 
Additionally,  s-lane treatment  of the copper appears tc, 
~ l l  of t h e  specimens i n i t i a l l y  included i n  t h i s  test have f a i l e d ,  except 
for one compounded with 0.2 phr of Cyanox 2379 metal d e a c t i v a t o r  and t h e  
copper screen treated with 2-6030 s i l ane .  
i n  a nitrogen atmosphere for 8,500 hours with some yellowing o f  t h e  poly- 
mer and no s igns  of  corrosion i n  t h e  v i c i n i t y  of t he  copper. This  is re- 
markable i n  comparison t o  t h e  l i f e t i m e  of t h e  o t h e r  specimens. 
The specimen has been aging 
When compared to p l a i n  thermal aging without the presence of copper, it 
may be concluded t h a t  deac t iva to r s  may help r e t a r d  the  pro-oxidant e f f e c t .  
However, t h e  absence of exposed copper w i l l  be required f o r  long l i f e t i m e s  
of polymers serving as p o t t a n t s  a t  rooftop a r r a y  operat ion temperatures. 
Due t o  t h e  possible acce le ra t ion  of  thermal oxidat ion e f f e c t s  by mul t iva l en t  
metals, o the r  metals should be screened f o r  a c t i v i t y .  To date, no adverse 
r eac t ion  have been found with the  high temperature exposure of candidat,e 
p o t t a n t s  t o  aluminum, lead-t in  solder  (60/40), s i l v e r ,  n i cke l  or t i tanium. 
. 
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d. Aging Summary 
Elvax 150 can be degraded by W photooxidation, thermal oxidat ion,  
and by thermal decomFosition of t he  ace t a t e  groups t o  a c e t i c  acid. 
These degradation reac t ions  a r e  s t a t e d  i n  order of decreasing sever i ty ,  
and as protect ion aga ins t  each i n  order  is  provided, the l i f e  aad 
associated peak serv ice  temperature of EVA encapsulant can be extended. 
Observation of E l v a x  150 suggests that  the  W wavelengths de l e t e r ious  
to  t h i s  mater ia l ,  and necessary f o r  W photoxidation, are those shor te r  
than 360 nm. I so la t ion  of Elvax 150 from these W wavelengths, with W- 
f i l t e r i n g  outer  covers and/or compounding addi t ives  such as Cyasorb 
W-531, s tops  W photooxidation, and e f f ec t ive ly  reduces the  aging char- 
acteristics of Elvax 150 to purely thermal e f f ec t s .  
The thermal e f f e c t s  encountered i n  module appl ica t ions  do n o t  appear to  
be severe enough t o  cause any  de tec tab le  degradation, consequently the 
property compounded material should have i n d e f i n i t e  s t a b i l i t y .  The 
r e s u l t s  of accelerated aging condi t ions ve r i fy  t h i s  conclusion. A b r i e f  
surmnary of observations and conclusions concerning the  aging of formulated 
EVA p o t t a n t  compound follows: 
1. The f i r s t  property t o  change appears t o  be color .  M i l d  yellowing is 
detected p r i o r  t o  any measurable change i n  any o ther  property. 
0 2. A t  50 C EVA appears t o  be na tura l ly  r e s i s t a n t  t o  thermal aging, o r  
0 undergoes a negl igibly slow reaction. Even a t  a very severe 130 C, 
several  months a r e  required before  there  i s  much of any measurable 
change i n  physical propert ies .  
3. Protection from photothermal events i s  required and the  use of a 
benzophenone type W screener with a HALS type s t a b i l i z e r  r e s u l t s  
i n  exce l len t  performance. 
4.  The po ten t i a l  se rv ice  l i f e  of EVA i s  most l i k e l y  l imited by t h e  per- 
manence of the  s t a b i l i z e r  package and design considerat ions should 
minimize the p o s s i b i l i t y  fo r  loss of these s t a b i l i z e r s  vs thermal 
evaporation or rainwater ex t rac t ion .  
. .  
/- 
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5. I n  terms of modeling, t h e  degradation curves are predominantly 
"induction period" type, i n  which the p rope r t i e s  begin t o  degrade 
a f t e r  a long period of s t a b i l i t y .  
promerties does no t  resemble f i r s t -order  behavior. 
The decay of measurable physical  
6. RS/4 exposure has been found useful  f o r  t he  accelerated aging of 
polymers, however it is only practical f o r  marginally stable com- 
pounds. Exceptionally stable compounds, such as EVA 9918, take 
four to  five years  to  degrade and consequently it takes a long t i m e  
to obta in  experimental r e su l t s .  
0 7. RS/4 - 85 C: despite the  increase i n  temperature, the candidate 
po t t an t s  s t i l l  perform extremely w e l l  i n  t h i s  exposure condition, 
enduring 4,000 hours to date with no s i g n i f i c a n t  property changes. 
Unstabil ized EVA and formulations without PALS type stabilizers de- 
graded severely within t h e  first 1,000 hours. 
8 .  HALS s t a b i l i z e r s  appear to  be e s s e n t i a l  f o r  t he  long l i f e  of EVA 
f o m u l a t  ions. 
9. Metal catalyzed degradation i s  the  m o s t  severe form of accelerated 
aging discovered yet. The use of metal deacti1,ators and s i l a n e  
treatment of the  metal surface d e f i n i t e l y  exte.-?d Lie l ifetime, 
however, it is  s t rongly suggested t h a t  exposure t o  metallic copper 
be avoided , espec ia l ly  i n  high temperature appl icat ions.  
c 
No reac t ions  are observed with aluminum, 60/40 solder nickel ,  s i l v e r  
or titanium. 
.-- 
IV. ACCELERATED AGING AblD LIFETfwE STUDIES 
A. Background 
The candidate encapsulation materials being investigated in this project 
are intended for the construction of solar cell modules for terrestrial 
deployment and consequently must be capable of enduring the operating 
temperatures, insolation, precipitation and other elements of the out- 
door exposure in the geographical region selected. Although the severity 
of these conditions may be fairly accurately gauged (climatic atlas, 
weather records, etc.) the lifetime and performance of individual materials 
or combinations of materials is not as easily assessed. The chemical path- 
ways and rates at which naterials age in outdoor exposures are very complex 
and predictive techniques often turn out to be inaccurate. 
The degradation of polymeric materials in outdoor weathering is caused pri- 
marily by sunlight, especially the Jltraviolet component. 
ing effect of light is usually enhanced by the presence of oxygen, moisture, 
heat, abrasion, etc. and is more accurately referred to as photooxidation, 
resulting from the combined effects of oxygen and sunlight. 
the earth's surface (filtered by the ozone layer) begins at 290 nm in the 
The deteriorat- 
Sunlight at 
ultraviolet and continued through the visible ranges out t.o approximately 
2,600 nm in the infrared. 
(290 to 400 nm) that results in most of the photo-induced changes in poly- 
meric materials. 
It is the ultraviolet portion of the spectrum 
Plastics vary considerably in their ultraviolet absorbing properties, but 
few are completely transparent in the 290 to 400 nm range. Once the radiant 
energy has been absorbed, the likelihood of chemical action will depend on 
the degree of absorption and the stability of tne chemical bonds in the polymer, 
The induced chemical modifications are responsible for the deterioration of 
optical and mechanical properties and usually result in reductions of tensile 
strength, elongation and transparency. Specially formulated stabilizers 
are frequently used to interrupt this degradation chemistry and extend the 
service life of the polymer. 
IV-2 
CANDIDATE 
MATERIALS 
Accelerated tests are also used to assess long tarm aging effects and 
cOmpare the effectiveness of stabilizers in providing improved pro- 
tection against environmental deterioration. Typically, properties such 
as tensile strength, elongation a t  break, apparent modulus, resistance 
to  flex cracking and other properties are measured on samples aged for 
known periods of time under specified conditions. 
ful for de- 
but correlation w i t h  actual service is  infrequent. 
These tests are us=- 
the relative s t a b i l i t y  of polymers and formulations, 
< 
In order to assess the relative stakil i ty of individual polymers and 
to detenaiae the effectiveness of varying formulations, Springborn 
Laboratories is sonducting a program of accelerated aging and l i f e  
predictive strategies that should be useful for : (a) rating, ranking 
and reformulating candidate encapsulation materials, (b) generating 
practical data that relate t o  material performance under use conditions, 
' REFORMULATION 
an8 (c )  generating data that may be useful in some type of predictive 
manner for l i f e  assessment. 
RATING AND 
RANKING 
(AGING 1 
The goals are being aet by using the scheme presented in the following 
diagram: 
1 
I 
PROMISING FAILURES < 
ASSESSMENT 
This method is intended t o  serve as a multipurpose data source. 
.- 
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The stresses t o  which materials are exposed c o n s i s t  of the fol lowing,  
either s i n g l y  or combined: 
(a) Thennal stress ( h e a t  aging)  
. i n  i n e r t  atmosphere 
. i n  a i r  
(b) Ultraviolet stress (W exposure) 
( c )  Hydrolyt ic  stress ( w a t e r  exposure) 
(d) C a t a l y t i c  stress (metal ca t a lyzed  oxida t ion)  
(e) Combined stresses (any of  t h e  above toge ther )  
The e f f e c t s  of these  stresses on t h e  cand iea t e  encapsula t ion  materials is 
determined by measuring specific properties as  a func t ion  of t i m e .  These 
properties were s e l e c t e d  f o r  t h e i r  re levance  to  module s e r v i c e  l i f e  and were 
chosen from four  c a t e g o r i e s  ccns idered  t o  be p o t e n t i a l l y  l i f e - l i m i t i n g ,  
as follows: 
. Mechanical: 
. Optical: 
. Chemical: 
. D i e l e c t r i c :  
t e n s i l e  s t r e n g t h ,  e longa t ion ,  g e l  c o n t e n t ,  
modulus 
yellowing, haze,  o p t i c a l  t ransmiss ion  from 
0 . 4  t o  1.1 microns 
loss of s t ab i l i ze r s ,  degrada t ion ,  co r ros ion  of 
in t e rconnec t  m e t a l i z a t i o n ,  metal ca ta lyzed  
r e a c t i o n s ,  ou tgass ing  
f i e l d  s t r e s s  degrada t ion ,  decay of  breakdown 
s t r e n g t h ,  l e a k  c u r r e n t ,  loss of e l e c t r i c a l  
i s o l a t i o n  
For the  eva lua t ion  of i nd iv idua l  r a t e r i a l s  and/or conbinat ions of m a t e r i a l s ,  
a number of exposure condi t ions are being used, as follows: 
1. Thernal A3ing: 
h e a t  i n  an a i r  oven. Atmospheres of a i r  and n i t rogen  a r e  both used. 
This method employs t h e  ex-msure of specinens t o  
2. RS/4 Exposure: This method uses  t h e  w e l l  accepted Rs/4 sunlamp as 
a source of u l t r a v i o l e t  r a e i a t i o n  and s?eciicens a r e  exposed on a 
r o t a t i n g  wheel beneath the  lamp a t  a ten2erazLre of 50 C. 90th dry 
and "wet" cyc les  (with water  spray)  a r e  used. 
0 
, 
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3. 
4. 
5. 
6.  
RS/4-8SoC: 
ature has been increased to include an additional stress. 
This is the same exposure as ( 2 )  except the temper- 
Controlled Environment Reactors: These aEe devices designed and 
supplied by JPL and consist of chambers containing high power 
medium pressure mercury arc lamps a water spray nozzle. 
Metal Catalyzed Oxida*: This condition is essentially thermal 
aging in the presence of metal (copper) which is known to rapidly 
accelerate degradation reactions. 
Outdoor Site Exposures: Individual materials as well as whole modules 
have been exposed in Phoenix, Arizona and at Springborn's facilities 
at Ehfield, Connecticut. 
The details of these experiments and the results obtained have been docu- 
mente11 in previous reports. (6) These methods have been useful for some 
colcpariscin.3 of the relative durability of materials, but within particular 
linitationo. These are: 
Thc use of light sources that do not duplicate the sun's 
spe;trvn and have an inconsistent output with respect to time 
(lamp darkening). 
E:ceedinc;'.y long exposure times are required (sometimes several 
years) arr! requirzd before the test specimen shows any sign of 
deqL .dation. 
Unpredictabie corrt.lat:io*.s Letdeen test exposure conditions and 
actual outdwr f i e l d  eqmsures. 
Conditions that. do rasulc in relatively rapid degradation intro- 
duce overstresses that. may now introduce chemical nechanisms that 
would not be found in field operations. 
In general, the conditions are too "artificial" and do not re- 
semble outdoor environmental conditions. 
i 
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Due t o  these object ions,  a d i f f e r e n t  approach w a s  considered to  t h e  aging 
of  candidate encapsulation materials - t he  use of  Outdoor Photo Thermal 
aging devices (OPTAR). These are devices recent ly  constructed a t  Spring- 
born Laboratories t h a t  cons t i t u t e  a new approach t o  accelerated weather- 
i ng  . (a) 
The predominant cause of outdoor de t e r io ra t ion  is photothermal aging; the 
combination of heat  and u l t r a v i o l e t  l i g h t .  In  a l l  t he  laboratory techniques 
devised to  date, it is mainly t h e  l i g h t  t h a t  is increased (photoacceleration) 
through the  use of  arcs and discharge lamps. I n  theOPTm reac tors ,  na tu ra l  
sunl ight  is used as t h e  l i g h t  source and only t h e  specimen temperature is  
increased.The CPTAR reac to r s  cons i s t  of heated aluminum blucks surfaced with 
s tqidess  steel and mour.tbng hardware to hold the  t e s t  specimens f lu sh  with 
the  surface.  The reactors are til+? a t  45OC south and t h e  device tu rns  on 
a t  sunr i se  +na o f f  a t  sunset. Three teuiperatures have i n i t i a l l y  been se- 
lected:  7OoC, 9OoC, 10S°C. 
ated w.'.th the  i r r egu la r  spsctrum of a r t i f i c i a l  .ljghtr sources,  exposes the  
specimens t o  o ther  environmental condi t ions such as raiq and pol lu t ion ,  and 
addi t iona l ly  incorporates  a dark cycle. The only acce lera t ion ,  therefore ,  i s  
i n  the  temperature, a l l  o ther  environmental condi t ions being present i n  their  
na tura l  occurrence and in tens i ty .  In  summary, the  OPTAR device is  considered 
to  have the  fcllowing advantages: 
This approach e l i n i n u t e s  the  d i f f i c u l t i e s  associ- 
(a) uses na tura l  sunl ight ,  t h e r e f , x e  avoids the  spec t r a l  d i s t r i b u t i o n  
problems encountered with a r t i f i c i a l  l i g h t  sources,  
(t) uses temperature t o  accelerate the  photothermal reac t ions  and is  
e a s i l y  cont ro l lab le ,  
(c) includes dark-cycle reac t ions  t h a t  a r e  a na tura l  part  of f i e l d  
exposure, 
(d) includes dew and r a i n  water ex t rac t ion  e f f e c t s ,  
.- 
(a) Subject of a paper t o  be published i n  f a l l  of 1985. 
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(e) more closely resembles the environmental conditions experienced 
by solar mcdules, 
(f) easily acccmodates both discrete materials and entire modules, and 
(9) may be set at any temperature desired for the purposes of varying 
the acceleration rate or extrapolating to lower temperatures. 
Blueprints used in the construction of the OPTAR devices are included in the 
appendix, Figures 4 through 7. 
a. Individual Formulation 
The outdoor photothermal aging reactors are operating very well and the 
temperature control at the surface is excellent. Of all the accelerated 
aging methods explored at Springborn Laboratcries, this one results in 
degradation of candidate materials in the shortest time yet observed. 
At the 2,000 hour exposure point, all specimens of all candidate en- 
capsulation materials have failed at the 105 C temperature, and at 90 C 
a number of materials have been terminated. At the 70 C condition, only 
one failure has been observed. The end of life for specimens on the 
OPTAR appears different than for failures under exposure to the PS/4 
conditions, CERs or thermal aging. There is usually some decrease in 
the gel content and the formation of yellow coloration, however the 
polymer lose their physical properties by becoming "cheesy" and losing 
tensile strength, elongation and modulus. At termination, the resins 
usually have to be scraped of€ the surface of the OPTAR and no wechanical 
properties can be measured. 
content is still high. This effect is sometimes observed in polymers 
in which there are simultaneous chain scission and crosslinking reactions 
occurring. The effect is that the gel content remains high from cross- 
linking reactions, but the physical properties resulting froa high molec- 
ular weight chains is lost. It is not known yet if this is the case 
with the OPT specimens. Summarized data for the OPTAR specimens is shown 
in the following table. 
0 0 
0 
This may be the case even when the gel 
I 
. '  
I 
/ .  
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Material 
EVA 16718B (TBEC, W2098, 
no Tinuvin-770) -
Individual Formulations: OPTAR Exposure 
EVA A9918 
EVA 16718A (TBEC, W2098, 
Tinuvin-770) 
EVA 16718~ (no Tinuvin- 
770) 
EMA 15257 
PU 2-2591 
EVA A9918 
EVA 16718B (no Tinuvin- 
770) 
-
EMA 15257 
PU 2-2591 
Performance Temperatiire 
(OC) 
Degraded, "cheesy" 70 
Degrpded, "cheesy" 90 
Degraded, "cheesy" 90 
Degraded 90 
Yellow, "cheesy" 90 
Very dark cc;lor, very 90 
sticky, but OK mechanical 
properties. Cannot be 
handled. 
"Cheesy" with some flow, 105 
very tacky 
"Chessy" with flow, no 105 
color, cannot be tested, 
tacky. 
Yellow color, "cheesy" 105 
Dark color, very tacky, 105 
cannot be tested. 
As this table shows, the first useful result of the OPTAR devices , ,  
Time 
Hours 
2,000 
2,000 
1,000 
1,000 
2,000 
2,000 
. 
2,000 
1,000 
2,000 
2,000 
are that 
materials may be brought to degradation in relatively short periods of time 
under conditions similar to those that might be experienced in worst-case 
field conditions. 
testing of formulations in reasonable short periods of time. An example 
is the comparative evaluation of HALS stabilizers for the light stibilization 
of EVA. 
of a commercially available HALS compound as the only stabilizer. These 
specimens were then exposed on the OPTAR at 90°C and the percent ultimate 
elongation measured as a function of time. The results are graphed as 
follows: 
This permits the development. and comparative performance 
Test specimens were prepared from crosslinked Elvax 150 using 0.1% 
. I  . , ..*, .?- 
L .  
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600 
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ELONGATION 
200 
0 
0ET.W Evaluation: HALS S t a b i l i z e r s  
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500 1000 lsoo 20r 
EXPOSURE, HOURS 
.\ I A 250 
These  r e s u l t s  i nd ica t e  t h a t  Cyasorb W-3346 (American Cyanamide) 
is c l e a r l y  a better choice of HALS s t a b i l i z e r  f o r  use i n  EVA. 
Once the  OPTARS w e r e  found to  be usefu l  f o r  t he  acce lera ted  aging 
of polymers i n  reasonably s h o r t  per iods of time, experiments were 
conducted to  determine i f  some type of p red ic t ive  methodology could 
be applied. 
Predic t ive  Moldeling 
A number of approaches t o  d a t a  modeling may be considered, t h e  s impler t  
being f i r s t  o rder  behavior i n  which the  log  of the  property being 
measured is l i n e a r  over time. This re la t ionFhip  may be used e a s i l y  f o r  
l i f e  pred ic t ion ,  e spec ia l ly  when the  reac t ion  rate i s  propor t iona l  t o  
the temperature (Arrhenius r e l a t ionsh ip ) .  Polymer degradation is f r e -  
quent ly  a comclex r e l a t i o n s h i p  of many competing chemical reac t ions ,  
however, and may s h i f t  dramatical ly  w j t h  s u b t l e  changes i n  temperature,  
l i g h t  i n t e n s i t y ,  add i t ives ,  e t c .  The behavior most f requent ly  observed 
is t he  "induction period" type i n  which the  degradation r a t e  suddenly 
changes and the  propexty vs. time curve shows a sharp downward t rend.  
1 :  
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'he time to the onset of this change is &e Lnduction period end 1.8 
often used to measure the efficiency of antioxidants, (isoc;:Aermal 
DTA).  This approach was used in mdeling the OPTAR conditions with 
the assumption that the mschanism of degradation is consistent over 
the 7OoC to l05OC range. 
Polypro,-ylene was -elected as a model polymer for this test due to 
the fact that its induction period, ti, is sharp and sasily measured. 
This is shown as a sudden drop in the elongation at break. 
bars of unstabilized compression molded polypropylene were placed on 
the OPTAR devices at the three temperatures and the log of the induction 
period measured as a function of .rr-iprocal temperature. 
ing graph shows that the relationship is linear and a close approxi- 
mation to the Arrhenius function exists. 
Tensile 
The follow- 
W 3 
0 
OPTP3 Degradation of Polypropylene 
Induction Period, t. 
E .  Hours 
1 
I V - 1 0  - _  , I 
I 
This data is extremely encouraging and suggests that  wharever an 
induction period can be i d e n t i f i e A .  the p o s s i b i l i t y  f o r  pred ic t ive  
modeling exists. 
t o  I mean ambient temperat:ire of 2OoC gives  a predicted l i fe  
(induction period) of 2,300 !-.':.irs ( three mc L '  s )  , which is  known 
t;, be the  ac tua l  l i f e  of polyproFylene i n  outdzar aging a t  the same 
exposure site. This f a c t  adds to the  credibility of t h i s  method, 
however more data must be taken (and with d i f f e r e n t  polymers) to  
thoroughly va l ida t e  this approach. 
Statistical extrapolat ion through these  po in t s  
c. Module Expo sure  
I f  t h i s  model can be applied to EVA formulations, or o ther  components 
of  solar module encapsulation, then l i f e  t i m e  p red ic t ion  may become 
possible by extrapolat ing thp. curve to  lower temperatures and long 
periods a f  t i m e .  
service temperature t h a t  can be tolerated f o r  a t h i r t y  year module 
l i f e .  The main in ten t ion  of  t h e  OPT devises  w a s  to  age modules, how- 
over. T r i a l  modules were constructed and deployed on the  OPTAFs i n  
order t o  determine how material might benave i n  the  context  of a 
module. 
I t  w i l l  also give an ind ica t ion  of t h e  upper l eve l  
F G U r  types of  " m i n i "  modules were preparec! of S'kd.25" s i ze ,  each con- 
ta in ing  two i n t e r c ~ n n e c ~ e d  'c) mm diameter .iolar cel ls  (Solar Power 
Corporation, Woburn, MA). Each module consis ted of t he  following com- 
ponents; (a) g l a s s  primed with 11861 primer, (b)  the  EVA formulation, 
(c) t he  cel l  pa i r ,  (d' t h e  second layer  of EVA, and (e) a back cover 
f i l m  of white Tedlar (ZOOBS30WH). 
The modules were prepared by the  usual vacuum bag lan ina t ion  tech- 
nique coated w i t h  a l ayer  of primer (68040) and four EVA formulations 
prepared, each tes t  a formulation var iable ,  a s  follows: 
- .  
! !  , 
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M u l e  Number Formulations Pottant 
Formulation No. 
A9918 16747-1 
16747-2 
Standard Formulation: 
(Lupersol 101, W-531,Tinuvin 770) 
Advanced EVA Formulation: 
(TBEC, UV-2098, Tinuvin 770) 
Advanced EHA Formulation: 
(TBEc, W-2098, Thuvin 770) 
Experimental EVA Formulation: 
(Lupersol 101, W-2098, Tinuvin 
770) 
16718.A 
16747-3 
16747-4 
16717 
14747 
In addition, each module was prepared with a 1" x 0.75' piece of un- 
treated copper mesh encapsulated in the pottant to determine the 
severity of copper activation effects. 
visual inspection. Tables of results appear in the appendix, pa4es 
The modules were evaluated by 
A-1 through A-12. 
The following table gives the general results of module performance on 
O X A R  reactors after 5000 hours of exposure. 
0- Exmsure: Modules 
i 
7 O°C - 
1 
A2 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
B 
9ooc -
A2 
A2, E3 
1 
c2 
1 
1 
1 
c2 
1 
1 
1 
1 
A3 
A2 
B 
c3 
105OC 
A4 
A58 E5 
B 
1 
A2 
A4 
B 
1 
A2 
A4 
1 
A4 
A3 
B 
c3 
a 
Number 
16147-1 
16147-2 
16718-3 
16718-3 
Pottant 
EVA A9918 
EVA 16718A 
E .  16717 
EVA 14747 
Component 
Pottant 
Copper 
Glass 
Me tali zat ion 
Pottant 
COW= 
Glass 
Me taliza t ion 
Pottant 
COPP= 
Glass 
Metalization 
Pottant 
Copper 
Glass 
Metalization 
. 
., 
I 
~. 
A = discoloration 
B = broken/fractured 
C = corrosion (metalization) 
D = delamination 
E = flow/melt 
1 = no change 
2 = slight change 
3 = noticeable 
4 = moderate 
5 = severe 
IwuQaLLyc84lil- - 
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In a l l  cases , the first change to  be noticed was s l i g h t  d i sco lora t ion  
i n  the v i c i n i t y  of the copper mesh. This w a s  ~ r l s  &~ticipt.ed to be 
the first source of degradation, however a t  7OoC it is bare ly  notice- 
able after 5,000 hours and is  only found i n  one module (EVA A9918). 
Apart from this effect, there are no other changes that can be ob- 
served i n  a?y of the modules a t  the 7O0C/50O0 hour condition. 
A t  90°C the copper d isco lora t ion  became not iceable  i n  t w o  modules 
(both using Lupersol-101 as the curing agent) ,  and a t  105OC w a s  
dramatical ly  v i s i b l e  i n  a l l  four. I n  addi t ion  to  the s t rong  orange/ 
brown color around t h e  copper tnesh, signs of flow of the pottant could 
also be found, e spec ia l ly  i n  the module using EVA A-9918. 
5 ~ 3 0  hour condition, a f e w  other e f f e c t s  became noticeable.  Some dis- 
co lora t ion  (yellowing) of the p o t t a n t  w a s  found i n  the module prepared 
with EVA 9918 and EVA 14747. Both of these  formulations have t h e  
s imr la r i ty  of k i n g  cured with Lupersol-101, which suggests  tha t  this 
curing agent might r e s u l t  i n  s l i g h t l y  less photostable compositions than 
t he  Lupersol -TBEC used i n  the other t w o  compositions. 
I n  t h e  90°C/ 
Also a t  90°C, small amounts of corrosion (presumably) around the in t e r -  
connects, could be noticed i n  the  form of s l i g h t  haze and yellowing. 
These areas are very small, however, and do not  appear t o  threa ten  the 
electrical functioning of t h e  nodule. In te res t ing ly ,  these "corrosion" 
eff .-cts were not  noticed i n  t h e  105 C exposure. 0 
A t  the 105°C/5000 hour test  point ,  degradative effects were now q u i t e  
noticeable.  The g l a s s  ou te r  covers a l l  showed meandering cracks due to  
thermal shock, the  COPE-. catalyzed degradation of the  p o t t a n t  w a s  s t r i k -  
ing  and a l l  the po t t an t s  showed some degree of discolorat ion.  
No broken cel ls ,  or change i n  the  electrical  functions,  w a s  found i n  any 
of the  cclls. Of the  four formulations t e s t ed ,  the  least  amount of 
change was found i n  t h e  module fabricated with EVA formula 16718A. T h i s  
is an experimental "advanced" formulation cured with Lupersol-TBEC and 
containing the  co-reacted W-2098 u l t r a v i o l e t  screener  and Tinuvin-770 
HALS compound. These experiments have proven t o  be very useful  i n ,  
-- 
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(1) demonstrating the performance enhancement of advanced formclations, 
and (2 )  showing that the encapsulation components are much more stable 
when incorporated into a module than when exposed alone. This is the 
purpose of encapsulation; to provide a combination of materials that 
mutually enhance each others service life in order to maximize module 
performance. These experimental modules will continue under OPTAR ex- 
posure until total loss of electrical output is observea. 
r 
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At the beginning of the solar cell encapsulation program, the need for 
a rigid load bearing support for the cells became obvious and two basic 
"styles" of solar cell encapsulation became apparent: superstrate and 
substrate. The superstrate desigr, supports the cells on the sunlit side 
and the substrate style supports the cells from the underside. A study 
then followed to explore the econoG;jc merits of both styles in order to 
discover the most cost-effective design. This study commenced with a 
first-cut engineering analysis to determine the cost and mechanical per- 
formance of candidate substrate materials. 
sidered to be of 1.2 meters length, 0.4 meters width with requirement of 
having a center-point deflection of no more than 6 m at a 50 lb/ft2 wind 
loading. 
in which the thickness and flexural modulus of candidate materials could 
be substituted. Published values of modulus, density and cost per pound 
then permitted an extensive survey of candidates to be compared. This 
work was further extended at JPL to the creation of "Master curves" that 
serve as design tools for the calculation of solar cell stresses based on 
any combination of structural panel parameters, pottant properties, thermal 
stresses, wiDd loadings and combined stresses. 
The working model was con- 
This criteria permitted a stress-strain equation to be calculated 
( 3 )  
The results of these surveys suggest that the load bearing element, either 
substrate or superst--7te will be the most expensive single component in 
the encapsulation package. Given the overall encapsu!ation cost goal of 
$14.00/m2 (1980 dollars), the load bearing element may amount to as mch 
2 as 50% of the cost, cr up to $7.00/m . 
Surveys have identified potential construction materials on the basis of 
the flexural strength required to meet the load deflection specifications 
* .  I- 
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and t h e  cost of the  material a t  t h e  required thickness.  
ing  materials iden t i f i ed  to  date as are follows: 
The lowest cost- 
Module Substrates 
Candidate Material Estimated C o s t  
-- $/ft2 s/m2 
Hardboards (Masonite, "Super-Dorlux" , 
Ukiah Standard Hardboard) 0.14 1.52 
Strandboard (Potlatch-under development) 0.17 1.80 
Glass-reinforced concrete (MBA Associates) 0.60 6.50 
Mild steel (28 gauge) 0.25 2.70 
(base zos t  approx. 1 0  pe r  sq. ft. 
per m i l  of thickness) 
Although these  products represent  t h e  lowest cos t ing  construct ion mate- 
r ials s u i t a b l e  f o r  t h e  appl icat ion,  they a l l  have weathering de f i c i enc ie s  
t h a t  must be compensated before they are s u i t a b l e  candidates. Coatings 
f o r  t h e  environmental protoct ion of m i l d  steel have been evaluated i n  
previous reports. ( 9  
Hardboards; Coatings 
Hardboard has  been found to  have t h e  best cost/performance ra t io  of  any 
s t r u c t u r a l  material invest igated as a candidate substrate to  date .  
Mechanical ana lys i s  shows t h a t  1/4" hardboard a t  cost i n  t h e  range of $0.18 
to  $0.20 per square foot  o f f e r s  t he  highest  f l exura l  s t rength  a t  t he  l o w -  
est possible cost. Only a s ing le  re inforc ing  r i b  i n  t h e  longi tudinal  
d i rec t ion  is requried for t h e  fabr ica t ion  of a 2 '  x 4 '  subs t r a t e  module. 
The d i f f i c u l t y  with t h e  use of  hardboard is  t h a t  an addi t iona l  cost com-  
ponent m u s t  be included f o r  some type of pro tec t ive  treatment. 
are very hydroscopic mater ia l s ,  with coe f f i c i en t s  of hydroscopic expan- 
s ion  i n  the  order  of t w o  magnitudes l a rge r  than t h e  coe f f i c i en t  of  ther-  
m a l  expansion(a). 
Hardboards 
In  order  for these mater ia l s  to  be used e f f ec t ive ly ,  
.. 
-. 
I 
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(a) Coeff ic ient  of  hydroscopic expansion measured t o  be approx. 5 x 10-5 
in/in/% RH. 
i i  . 
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t h e  dimensional changes t h a t  occur with the uptake and loss of water 
must be eliminated. There are no inexpensive chemical treatments that 
can be  used to  prevent t h e  hardboard f r o m  being hygroscopic and there 
do not  appear to  be any occlusive pa in t s  that are capable of preventing 
the intrusior.  of w a t e r ,  as either liquid or vapor. 
t i o n  to th is  problem is the appl ica t ion  of some type of f i lm material 
that is either t o t a l l y  occlusive,  such as a m e t a l  f o i l ,  or p a r t i a l l y  oc- 
clusive such as a polymer f i l m .  The p ro tec t ive  f i l m  need not  be t o t a l l y  
occlusive as long as the w a t e r  vapor permeation rate is l o w  enough to  
damp o u t  the effects of varying humidity i n  the environment. 
The proposed solu- 
Due to t h e  tendency for hardboards to  dessicate very rap id ly  under these 
conditions,  the pro tec t ive  f i l m s  must be appl ied without t h e  vacuum 
lamination process. 
t o  t h e  seasonal mean humidity so that t h e r e  is nc gradual t rend for the 
hardboard t o  change its dimension through gradual gain or  loss of  waL - 
Solar  ce-1 fabr ica t ion  using these materials necess i ta tes  a "spl i t  
process" i n  which the  unmounted "ntodule" of encapsulated s o l a r  cells is 
prepared i n  a vacuum process and then laminated to the hardboard under 
ambient temperature and pressure condi t ions i n  a subsequent step. This 
prevents exposure of t h e  hardboard dess ica t ing  conditions. The encapsu- 
l a t ed  s o l a r  cell assembly cons t i t u t e s  the pro tec t ive  f i l m  on t h e  top s i d e  
and therefore  only one o ther  is  needed for t h e  underside. 
I t  is necessary to "seal in"  an amount of water equal 
Select ing the costing-out candidate p ro tec t ive  fi lms f o r  t h i s  appl ica t ion  
is not  too d i f f i c u l t ,  however? the  major concern has been the  c o s t  of 
t he  process i n  which t h e  f i lms are at tached to  t h e  hardboard to produce 
a "module ready" subs t ra te .  This has required carefu l  consideration of 
t he  types of adhesives t o  be used? appl ica t ion  machinery, cure  cyc les?  
r a w  materials handling, factory operat ion,  equipment cos t s ,  depreciat ion,  
etc. 
*' ' 
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The attached pages in the appe.ldix provide the detail for a "typical" 
manufacturing operation in which a flexible laminate of encapsulated 
solar cells forms oneof the protective water vapor barriers for the 
hardboard and an occlusive film is used to cover the opposite side. 
Due to the fact that the attachment of the cell string to the load bear- 
ing member occurs in t w o  states, we are using the term "split proc~ss" 
to designate this type of fabrication. The appendixed pages give the 
manufacturing and cost details considered in this process. Pages A14 
through A15 gives the sequence of manufacturing steps required; page A16 
shows the Production Flow Chart, and paqesA17 and A18 give the resulting 
cost estimates in 1984 and 1980 dollars, respectively. The supporting 
calculations used in the preparation of these estimates have been pub- 
lished in a previous document. 
The results of this analysis indicate that the process only cost for 
fabrication of W modules by the "split process" using hardboards is 
about $2.46/m in 1980 dollars, and about $3.19/m in 1984 dollars. This 
is process cost and does not include any raw materials such as adhesives, 
films, or solar cells. This cost is additional to the cost of preparing 
modules by the vacuum bag process in a single step in which glass is 
usually used, and a completed modt,e results. Soda-lime glass is cur- 
rently about $9.70 per square meter. 
same vacuum bag cycle for solar cell encapsulation at $6.08/1n~,(~) and 
add about $3.19/m2 for the split process, about $1.80/m 
and (for example) $1.10 per square meter for adhesives and the back cover 
film for a total of $12.17/m total process cost. This would constitute 
a savings of $3.61/n over the cost of a glass superstrate module costing 
$15.78/m . This potential cost reduction indicates the split process idea 
is worthy of further investigation and should now be costed out, including 
raw materials for a more accurate comparison. 
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t he  dimensional changes t h a t  occur  with t h e  uptake and loss of water 
must be eliminated. There are no inexpensive chemical treatments t h a t  
can be used to prevent t he  hardboard from being hygroscopic and there 
do not  appear to be any occlusive pa in t s  that  are capable of preventing 
the in t rus ion  of water, as e i t h e r  l i q u i d  or vapor. 
t i o n  to  t h i s  problem is t h e  appl ica t ion  of some type of f i lm material 
that is e i t h e r  t o t a l l y  occlusive,  such as a metal f o i l ,  or p a r t i a l l y  oc- 
c lus ive  such as a polymer f i l m .  The pro tec t ive  f i l m  need not  be t o t a l l y  
occlusive as long as t h e  w a t e r  vapor permeation rate is low enough t o  
damp o u t  t h e  e f f e c t s  of varying humidity i n  the environment. 
The proposed s o l u -  
Due to the tendency for hardboards t o  dessicate very rapidly under these  
conditions,  t h e  pro tec t ive  f i l m s  must be applied w i t h o u t  t h e  vacuum 
lamination process. I t  is necessary to "seal i n "  an amount of w a t e r  -qual 
to  t h e  seasonal mean humidity so t h a t  t he re  is no gradual tren6 q i  '-.le 
hardboard t o  chango its dinension through gradual gain or loss af water. 
Solar  cell fabr ica t ion  using these materials necess i ta tes  a " 'spli t  
process" i n  which t h e  unmounted "module" of encapsulated s o l a r  cells is 
prepared i n  a vacuum process and then laminated to  the hardboard under 
ambient temperature and pressure condi t ions i n  f subsequent step. This 
prevents exposure of the  hardboar3 4:ssicatiny conditions.  
lated solar cell assembly c o n s t i t c p o  tnc! krotec t ive  fi lm on the  top s i d e  
and therefore  only one o ther  is  neet:?; ,'or A 2  underside. 
The encapsu- 
I 
Select ing the costing-out candidat,- pictcc t i v e  f i lms f o r  t h i s  appl ica t ion  
is not  too d i f f i c u l t ,  however, t he  major concern has been t h e  c o s t  of 
the  process i n  which the  f i lms are at tached to  t h e  hardboard t o  produce 
a "module ready" substrate. This has reauired carefu l  consideration of 
t he  types of adhesives t o  be used, appl ica t ion  machinery, cure  cyc les ,  
ra\. materials handling, factory operat ion,  equipment cos t s ,  depreciat ion,  
etc. 
r. 
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The attached pages in the appendix provide the detail for a "typical" 
manufacturing operation in which a flexible laminate of encapsulated 
solar cells forms oneof the protective water vapor barriers for the 
hardboard and an occlusive film is used to cover the opposite side. 
Due to the fact that the attachment of the cell string to the load bear- 
ing member occurs in two states, we are using the term "split process" 
to designate this type of fabrication. The appendixed pages give the 
manufacturing and cost details considered in this process. Pages A14 
through A15 gives the sequence of manufacturing steps required; page A16 
shows the Production Flow Chart, and pages A17 and A 1 8  give the resulting 
cost estimates in 1984 and 1980 dollars, respectively. The supporting 
calculations used in the preparation of these estimates have been pub- 
lished in a previous document. 
The results of this analysis indicate that the process only cost for 
fabr?Lation of W modules by the "split process" using hardboards is 
about $2.46/m in 1980 dollars, and about $3.19/m in 1984 dollars. This 
is process cost and does not include any raw ma+.erials such as adhesives, 
films, or solar cells. This cost is additional to the cost of preparing 
modules by the vacuum bag process in a single step in which glass is 
usually used, and a completed module results. Soda-lime glass is cur- 
rently about $9.70 per square meter. The split process would employ the 
same vacuum bag cycle for solar cell encapsulation at $6.08/~1~,(~) and
add about $3.19/m 
and (for example) $1.10 per square meter for adhesives and the back cover 
film €or a total of $12.17/m total process cost. This would constitute 
a savings of $3.61/m over the cost of a glass superstrate module costing 
$15.78/m . This potential cost reduction indicates the split process idea 
is worthy of further investigation and should now be costed out, including 
raw materials for a more accurate comparison. 
2 2 
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V I .  ANTI-SOILING TREATMENTS 
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The power output of photovoltaic modules is  reduced by the  accumulation 
of soi l  on the  surface. Tne loss is due to  shadowing of the  cel1,and 
losses of several  percent may r e su l t .  
by so i l ing ,  photovol ta ic  modules not  cmly should be deployed i n  low-soiling 
geographical areas, but  also should have sur faces  or surfacing materials with 
low a f f i n i t y  f o r  so i l  re ten t ion ,  maximum s u s c e p t i b i l i t y  to  na tu ra l  removal 
by winds, r a in ,  and snow; and should be rcadi ly  c leanable  by simple and in- 
expensive maintenance cleaning techniques. 
To minimize performance losses caused 
The theore t i ca l  aspec ts  of s o i l i n g  have been addressed recent ly  i n  documents 
by the  Jet Propulsion Laboratory!' The basic  f indings of these  s tud ie s  show 
t h a t  t he  rate of s o i l  accumulation i n  the same geographical area is material 
independent and that r a i n f a l l  funct ions as a na tu ra l  cleaning agent. 
e f fec t iveness  of t he  cleaning e f f e c t  of the  r a i n  is mater ia l  dependent, how- 
ever. 
The 
Based on the  postulatedmechanisms f o r  s o i l  r e t en t ion  on surfaces ,  certain 
characteristics of low-soiling surfaces  may be assumed. They a re ,  (a) hard, 
(b) smooth, (c) l o w  i n  surface energy, (d) chemically c lean of water soluble  
salts, and (e) chemically c lean of s t i c k y  mater ia ls .  It is poss ib le  t h a t  c o s t  
e f f e c t i v e  coatings having these proper t ies  may e x i s t  and be applied to  so la r  
module surfaces. 
e f f ec t ive  generation of power from these modules. 
This may r e s u l t  i n  l o w  maintenance c o s t s  and preserve the  
Over the pas t  few years Springborn Laboratories has evaluated t h e  e f f ec t ive -  
n e s s  of low surface energy treatments applied to  candidate outer  cover mater ia l s  
fo r  use i n  so l a r  modules. These candidate mater ia l s  cur ren t ly  consisc  of low- 
i r o n  g lass ,  Tedlar fluorocarbon f i l m  (DuPont) and a b iax ia l ly  or ien ted  a c r y l i c  
f i lm (Acrylar; product X-22417, 3M Corp.). These mater ia l s  a r e  a l l  r e l a t i v e l y  
hard, smooth and f r e e  of water sG.;uble res idues and experiments were conducted 
to  determine i f  an improvement i n  s o i l i n g  res i s tance  could be obtained by the  
appl ica t ion  of low surface energy treatments. 
4 
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A survey of coating materials showed that very few commercial materials exist 
that could be useful for this purpose and that some experimental compounds had 
to be synthesized. 
The anti-soiling experimentc initially used seven treatments that included 
fluorocarbons, acrylics and silicone based materials. After the first year 
of exposure it became clear that a number of candidates were ineffective and 
were consequently discontinued. Four  treatments were continued in order 
to assess the long term performance in an outdoor soiling environment, as 
follows : 
1. 
2. 
3. 
4. 
61668, an experimental fluorochemical silane produced by 3M Corporation 
that is used to impart water and oil repellency to glass surfaces. This 
material is not yet commercial. 
L-1668 following treatment of the sirface with ozone activation (for the 
organic films only). 
Dow Corning E-3820-103BI and experimental treatment consisting of per- 
fluorodecanoic acid coupled to a silane (2-6020). This compound is not 
commercially available I but is easily prepared. 
The E-3820-1038 following surface treatment with ozone to create active 
sites on the organic polymer films. 
These candidates consist of two surface coatings, but four tredtments. Each 
coating is applied with and without surface treatment with ozone in order to 
activate bonding chemistry at the surface and enhance adhesion. 
ment is used with the glass because surface activation is not required in this 
case. 
No ozone treat- 
These coatings/treatments were applied to each of the three candidate outer sur- 
faces using the recommended application technique. 
Tedlar and Acrylar were supported by a piece of glass on the underside, and 
attached with a colorless and ultraviolet stable pressure sensitive adhesive. 
The completed test coupons were then mounted in outdoor racks on the roof of 
Springborn Laboratories’ facilities in Enfield, Connecticut. Evaluation is 
The organic film materials, 
c -  ’ 
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performed monthly and a record of r a i n f a l l  is also kept  i n  order  to  c o r r e l a t e  
s o i l i n g  e f f e c t s  with p rec ip i t a t ion .  
The degree of s o i l i n g  on the completed specheris w a s  measured by power trans- 
mission usins a s p e c i a l l y  designed standard cell device. 
m s a s u r e s a e d r o p  i n  short c i x c u i t  cu r ren t ,  Isc, when t h e  s o i l i n g  specimen is 
placed between the standard c e l l  and t h e  l i g h t  source. 
compared t o  con t ro l  and the percent  decrease ca lcu la ted .  
This inst rumant  
This value is  then 
The results of 38 mariths of outdoor exposure are shown graphica l ly  i n  f igu rds  
8 through 10 of t?ie appendix. Only t h e  b e s t  t reatment  and the  con t ro l  . 
values  are p l o t t e d ,  for c l a r i t y .  Observation of the data r evea l s  that a 
f luc tua t ing ,  bu t  generally increas ing  loss i n  power is found f o r  a l l  specimens. 
The degree of  loss varies according to the type of surface treatment  and the 
partiwiar month of  exposure. 
Sunadex g l a s s ,  and t h e  t reatments  appl ied t o  it, gave specimens with the  b e s t  
o v e r a l l  inherent  s o i l  res i s tance .  
followed the same p a t t e r n  of r i s i n g  and f a l l i n g  s i au la t ane r~us ly  throughout t he  
exposure per iod i n  agreement w i t h  t he  amount of r a i n f a l l .  
showed a dramatic decrease i n  power i n  a l l  cases. A constant  d i f f e r e n t i a l  was 
found between the  con t ro l  measurements and t h e  t w o  m o s t  e t f e c t i v e  coat ings,  as 
may be seen i n  the f igu res .  
The contro1,and most of the  coated specimens, 
?%e winter  months 
The b e s t  o v e r a l l  coa t ing  is found t o  be the compound designated E-3820 and g ives  
reduct ions i n  Isc that a r e  .5 to  1% higher  than the  untreated con t ro l  specimen. 
The estimated average power gain r e s u l t i n g  from the  se l f -c leaning  property of 
this coat ing  is  i n  the  order of 1% over the th i r ty -e igh t  mmth period. 
The A c r y l a r  acrylic f i lm  formulations soiled much more severely than the  Sunadex 
g l a s s  specimens. A l l  the specimens s t e a d i l y  l o s t  power throughout t he  exposure 
per iod,  however almost a l l  of the t reatments  had a bene f i c i a l  e f f e c t .  The un- 
coated con t ro l  specimens soiled very badly and,at  one po in t  (10th month),drop- 
ped to  a low -10.8% power lo s s .  After the  twe l f th  month, the  con t ro l  value 
returned t o  a -7.8% power loss, w i t h  most of the  t r e a t e d  specimens showing a 
4 t o  5% loss. The e f f ec t iveness  of t he  coat ings/ t reatments  may be compared by 
L 
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Anti-soil ina Treatments: Acrvlar 
Coating Treatment 38 Month Loss i n  I-- 
7- 
i 
: *  
Control , none 
L-1668 
Ozone, L-1668 
E-3820 
Ozone, E-3820 
-8.7% 
-5.8% 
-6.3% 
-5.8% 
-1.5% 
A s  w e 8  found with the  Sunadex g l a s s  specimens, t he  treatment baced on 
E-3820 appears t o  be the  best, bu t  ozone ac t iva t ion  of the  surface is 
required i n  order  to g e t  the  compound to  bond and form a durable coating. 
The use of t h i s  treatment on Acrylar resu l ted  i n  a spectacular  improvement 
i n  shor t  c i r c u i t  current ,  as may be seen i n  Figure 8 (appendix). Based on 
the differen:e between the cont ro l  and t r ea t ed  values,  thc: estimated average 
improvemenL i n  power is i n  the  order  of  3.9%. 
The th i rd ,  and l a s t ,  candidate outer  surface t o  be invest igated was 'kedlar 
(100BG30UT), a t ransparent  W absorbing f j lz?  cf poly(viny1 f luor ide)  manu- 
factured by DuPont. A s  with the  Acrylax fi lm, t h i s  material w a s  mounted on 
g l a s s  squares with a pressure sens i t i ve  a c r y l i c  adhesive and deployed with 
the  dsual series of coatings/treatments- The ove ra l l  performance of these 
specimens was b e t t e r  than the  Acrylar, but  worse than the  Sunadex glass .  
The control  degraded s t ead i ly  i n  power throughput reaching almost 9% l o s s  i n  
the  t en th  month and the slowly recovered t o  a 4% t o  6% l o s s  t h a t  varied over 
the  exposure period. 
A l l  the  coatings/treatments applied to  the  Tedlar were more e f f i c i e n t  i n  
re ta rd ing  soil accumulation than the  control .  A s  with the previous two candi- 
dates, the  f luoros i lane  treatments gave the  bes t  performance, the  bes t  , again, 
being the  E-3820 compound, which cons is tan t ly  gave a 4% to  5% improvement i n  
perixmance over t h e  exposure period. 
I 
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After 38 months of exposue  the  I values were found t o  be: sc 
Anti-soiling Treatments: Tedlar 
Coating Treatment 
Contro, , *lone 
L-1668 
Ozone, L-1668 
E-3820 
Ozone, E-3820 
38 Month Mss i n  Isc 
-4.8% 
-5.0% 
-3.6% 
-2.1% 
-3.9% 
A s  previously, the  E-2820 formulation is the  m o s t  e f f ec t ive ,  however 
the  ozone treatment does no:. appear to  be necessarv. Although the treat- 
nents still appear ;'> be e f fec t ive  a f t e r  t he  three yea r  exposure t i m e  
some weathering e f fec ts .  
A l l  the  specimens re t r ieved  from the outdoor aging racks were found to  have 
lost a 3uod deal  of t h e i r  water repellency. 
d i s t i l l e d  water, a l l  the  exposed surfaces  showed wetting, even the Sunadex,' 
E-3820 specimen, In  contrast ,  f resh ly  t rea ted  surfa 9s a r e  conspiciously 
water repellent and water drople t s  bead up ins tan t ly .  An attempt was made 
t o  determine t h e  surface energy of the exposed specimens by the  contact  angle 
technique, employing l iqu ids  of v..rying surface tension, however d i f f i c u l t i e s  
were encountered with the measurements and no meaninaful da ta  resul ted.  
When sprayed with a je t  of 
In summary, low surface energy treatments based on f luorosi lane chemistry 
appear t o  be e f f ec t ive  i n  re tarding the  accumulation c f  d i r t  dn the  candidate 
outer surfaces of i n t e re s t .  The most e f f ec t ive  s o i l  re ta rdant  treatments 
ident i f ied  t o  da te  are: fo r  Sunadex g lass ,  E-3830; fo r  Acrylar, ozone act iva-  
t i on  fcllowed by E-3820; ar.d for  Tedlar, treatment w i t h  E-3820 but w i t h  no 
ozme act ivat ion.  After three years of outdoor exposure, the bes t  treat- 
ments  still gave improvements of 2-1/2% t o  4% i n  l i g h t  throughput w c 1 ~  ?d 
with a standard c e l l  and l i g h t  source. The removal of accumulated > O i i  cor- 
re la ted well L th  r q i n f a l l ,  but not with prec ip i ta t ion  as snowfall. 
i 
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T r e  obvious v i sua l  difference i n  the  wetting of exposed versus f r e sh ly  
prepared specimens ind ica t e s  that the l o w  surface tension treatments are 
prone to  e i t h e r  chemical degradation o r  physical  loss and MY have to be 
replenished on a periodic basis. A maintenance schedule needs to be 
determined based on the cost of produced p o w e r  gained t;, employing t h e  
coatings versus the  cost of rout ine maintenance required f o r  cleaning and 
recoating the surfaces. 
months of this program and t he  cost effect iveness  of these approaches w i l l  
be determined. 
This study w i l l  be performed i n  the proceeding 
. 
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I n  the next year ' s  work, Springborn Laboratories w i l l  continue with some of 
t h e  technical topics included i n  this report and w i l l  also introduce some 
new areas of study r e l a t i n g  t o  module performance. The research topics w i l l  
include the  following: 
1. Outdoor Photo Thermal Aging Reactozs(OPTAR1 
Aging experiments w i l l  continue with these  devices w i t h  the inclusion 
of whole modules, advanced po t t an t  formulations, o p t i c a l  test specimens, 
dielectric test specimens and more ca l ib ra t ion  materials. Experiments 
w i l l  be conducted to model t h e  k i n e t i c s  of degradation and enhance the 
predictive capabilities of  t h i s  approach. 
2. 24dvnaced Stabi l izers :  
Experiments have shown t h a t  some new u l t r a v i o l e t  s t a b i l i z e r s  recent ly  in- 
troduced on t h e  market o f f e r  enhancement i n  performance. These compounds, 
being co-reactive u l t r a v i o l e t  absorbers and high molecular weight HALS 
compounds, w i l l  be used for the  preparat ion of  technica l ly  advanced grades 
of EPA and w i l l  be evaluated f o r  s u i t a b i l i t y  i n  PV module appl icat ions.  
3. Dielectric Testing: 
One of t h e  performance c r i te r ia  f o r  po t t an t s  is t h a t  they provide electrical 
i s c l a t i o n  between the  e l e c t r i c a l l y  conductive components of  t h e  module. 
The dielectr ic  s t rength  of t he  po t t an t  materials appears to  be more than 
adequate for t h i s  appl icat ion,  however it is not  cu r ren t ly  known i f  t h i s  
insu la t ion  s t rength  changes o r  degrades w i t h  environmental exposure. A 
series of dielectr ic  property test experiments have been s t a r t e d  t h s +  
assess the  " i n t r i n s i c  dielectr ic  s t rengt f  ?f t he  candidate po t t an t  ( i n  
DC mode) and cail subsequently be used t o  determine i f  t h i s  value changes 
w i t h  t i m e .  T e s t  specimens from accelerated aging condi t ions w i l l  be used 
to  examine t h e  e f f e c t s  of aging on t h i s  important property.  
a. 
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4. Adhesion: 
There are two topics of interest  i n  adhesion s t u d i e s  cur ren t ly ;  the 
narrowing of t h e  list of  candidate formulations, and the  lifetime and 
performance evaluation. 
many primers f o r  many in te r faces .  In  t h e  fu ture ,  development efforts 
w i l l  be directed towards the  formulation of three "universal" primers. 
These primers are intended for use with the  three general  i n t e r f aces  
that are found i n  PV modules; (a) polymer-polymer, (b) polymer-metal, 
and (c) polymer-inorganic. These formulations w i l l  be developed and 
evaluated with t h e  a s s i s t ance  of Dow Corning Chemical Co. 
for pred ic t ing  t h e  service l i f e  of primed in t e r f aces  are being explored 
using spectroscopic techniques such as DRIFT, RAIR and elipsometry. 
Springborn w i l l  participate i n  programs a t  the  University of Cincinnat i  
and Case Western Reserve i n  an attempt to  measure the chemical and 
mechanical aspec ts  of  degradation a t  the  in te r face .  
w i l l  also, hopefully, r e s u l t  that will permit service l i fe  est imat ions 
t o  be calculated.  
Previous experimental work has r e su l t ed  i n  
New methods 
Kinet ic  ana lys i s  
5, Anti-Soiling Treatments: 
The s o i l i n g  specimens cu r ren t ly  under exposure w i l l  continue u n t i l  s igni-  
ficant loss of t h e  surface a c t i v i t y  is  observed. In  addi t ion ,  t w o  or 
three  new candidates w i l l  be started based on some advanced concepts i n  
surface modif'cation. A cost ana lys i s  and maintenance schedule is also 
plannecl to demonstrate t h e  cost e f fec t iveness  of these  materials. 
6.  Flarmabili ty:  
The flammability of PV modules is an area of growing concern. Although 
modules contain only s m a l l  amounts of combustible materials, it has been 
shown t h a t  they have the  p o t e n t i a l  t o  spread f i r e  under c e r t a i n  circum- 
stances.  Three methods w i l l  be explored i n  order to  reduce t h i s  r i sk .  
are: (a) reduction of the  amount of combustible mater ia l  i n  the  module, 
(b) the  use of f ire r e t a rdan t  addi t ives  t o  the  pot tan t ,  and ( c )  the  use 
of high s t rength  back cover f i lms to  i n h i b i t  t he  release of burning gasses. 
Evaluction of these approaches w i l l  be accomplished with the  use of a special 
high temperature bu r s t  ce l l ,  s m a l l  scale burning brend tests, and f u l l  scale 
"burns". 
They 
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Page A-1 
MODULE EXPOSURE 
Notebook N u m b e r :  16747-1 T e s t  site: Eaf'ield. CL 
Exposure Coneition: OPT-70°C Size: 9,, 2-ceu 
.----- , 
E x p o s u r e ,  Kours 
Construction: Clam (11861)/ EVA 9918 /CWs(:l861) /EVA/Te&r 200BS30WH - 
168040 I 
Test  Date 11/2/83 
2ainfa l1 ,  Inches 
Condition 
Voltage, Voc 
Current, Isc 
C e l l  Metal izat ion 
Interconnects  
a t  e ge: 7 
Outsr Cover 
Back Cover 
Sea lan t  
Gasket 
E4- t an t  
Pdttat.: + Copper 
Pottant Delamination: 
- 4  
- 
Cells + M t a l l i z a t i o n  
interconnects  
O u t e r  Cover 
Sack Cover 
A = Discoloration 
B = Broken/Zractured 
C = Corrosion 
3 = Delanination 
E = Flow/nelt 
1 I 1 
1 I 1 
1 1 
I - 
1 1 
1 ! 1 
1 I 1 
1 
1 1 1  
3.000 
3.93 
3/7/84 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4,000 
4/18/84 
3.60 
1 
1 = No change 
2 = S l i S h t  Change 
3 = Noticable  
4 = ?lo8erate 
5 = Severe 
5 130184 
I 
t 
1 
L 
Ca 
Page A-2 
MODULE EX?OSCRE 
Notebook Nunbar: 16747-2 Test Site: Enfield. CL 
Exposure Condition: OPT-70°C Size: 1/211 9,, 2-ccu 
instruction: Glasr(l186l)/EVA 16718Alc~ll~(ll861)/EVA/Tadlat 200BS30WH- 
( 68040 1 ( TBECI2098/770 ) 
1.000 2,000 3,000 1 4.000 5,000 Exposure, Hours 
Rainfall, Inches 
Condition 
Voltage, Voc 
Current, Isc 
I 1 I 1 1 1 *cell Metaliration 
Interconnects 1 1 1  1 1 1  1 1 
7 
Date 11/2/83 12/14/03 1124184 3/7/04 4/18/84 s13ot84 
8.35 1.0 3.93 3.60 
1 1 l t 1  1 _- 
I 1 1 1 1 I 1 at edge: 
internally : 1 1 1 1 1 
Outer C ver I r l r  1 1 I ,  
1 1 1 1 1 aack Cover 
I 
I 
- 
A = DiscGloration 1 - No change 
B = Broken/fractureZ 2 = Slicht Change 
c = Corrosion 3 = Noticable 
D = Delamination 4 = Yoderate 
2 = ?low/melt 5 = Severe 
8' 
. !  
- 1  Page A-3 
MODULE U E l O S C X  
Not&Ook Nuinber: 16747-5 Test S i t e :  Enfield.Ct. 
Exposure Condition: OPT-70°C Size: 5 1-12'' x 9" 2-cell 
Construction: Glars(l1861) / ZhAA 16717 /C~lls(11861)/Tedlar200BS30~(68040) 
- .  
hxposure, iiours 
Test 11/2/83 
Raznfall, Inches 
ConU +Lon 
Current, Isc 
C e l l  MetallratLon 
Interconnects 
- 
tfol-ge. voc 
uter Cover 
2ack cover 
Sealant 
Gasket 
Pottant 
Pottant + Copper 
Jottant Delamrnation: 
F e l l s  ; h t a l l i z a t i o n  
Outer over 
n terconnects 
[Cover- 
1,000 
12/14/83 
8.35 
2,000 
1/24/84 
1-8 
5.000 
5130184 
3.000 
3/7/84 
3.93 
1 
4.ooo 
3.60 
1 
4f  18/84 
1 1 
1 . 1 
1 1 
1 
1 
 
1 
I 
1 
1 
1 
1 
-- 
. 
1 
1 
1 
 
1 
1 1 1 
1 
1 
-- 
I 
1 1 
1 
1 I 1 
1 1 
I I I 1 
1 1 1 1 -- I 
A 5 Discoloration 
B =S aroken/fractured 
C 5 Corrosion 
D = Delamination 
E 5 ?low/melt 
1 5  No chense 
2 = SliSht Chance 
3 = Noticable 
4 = Xodezate 
5 = Severe 
1 ,  
. I  
I 
BRIGINAL PAGE IS 
OF PO"n WJALITY 
1,000 I 2,000 I 3.000 
12/14/04 I 1/24/84 13/7/84 
Page A-4 
4.000 t 5.000 
4/18/84 I 5/30/84 
MODULE EXPOSCRI 
Notebook Number: 16747-4 T e s t  S i t e :  Enfield. Ct. 
Exposue Condition: OPT-70°C ,, 2-cell 
Construction: Clrss(ll661) / EVA 14747 /ceUs(11861) / Tcdlar200BS30w~(68040) U'
(p on itAon 
1 C e l l  Hetalization 
a t  edge: 
Interconnects 
d 
4 "  a 
a r internally: 
Outer Cover 
Back Cover 
S e a l a t  
Gasket 
?ottant 
' 
0 
4J 
-rl Pottant + Copper 
I Pottant Delamination: 
1 !. 
a Cells + .Wtallizaticn 
9 
c 
Outer Cover 
[sack Cover 
1 
A = Discoloration 
B = Broken/fractured 
C 5 Corrosion 
D = Delarninction 
E Flow/nelt 
1 I 1 I 1 I 1 I 
I I 
I 1 I 1 1 I 1 
I 1 1 I I 1 1 
1 1 1 1 1  I 1 
1 1 1 1 I 
B B B B B 
1 I 1 1 1 
I I I 
I I 1 I 1 
1 1 1 1 1 
1 1 1 1 I 
- 1  I 1 1 1 
1 1 1 1 I 
1 1 1 1 1 
1 = ?lo chense 
2 = S l i F h t  thaaqe 
3 = Noticable 
4 = Yoderate 
5 = Severe 
I 
I 
I 
- 
HODGLE EZOSCRE 
Page A-5 
Notebook Number: 16747-1 Test Site: Enfield. Ct 
ExposLxe Condition: OPT-90°C 112 , , r  9,, 2-ecu 
Construction: Ch88 (11861)/ EVA 9918 /CeU~(11861) IEVA/Ta&r 200BS302WH - 
(68040 1 .----- I 
4.000 
4/18/04 
3.60 
2 
I 
2 
I 
c2 
1 
1 
1 
E3 
1 
1 
1 
1 
1 
I I I I 1 
X = Discoloration 1 = NO chcnge 
a = Sroken/fractu=ed 2 = Slisht Chcnss 
C - Corrosion 3 = Noticcble 
3 - Delanination 4 - Hodcrata 
B 5 Flow/nelt 5 = seve:e 
9.000 
5130:84  
2 
A2 
A2 E3 
1 
1 
I 
1 
1 
_ .  
! 
. .  
. 
2 
Page A-6 
MODULE EXPOSZRE 
Notebook Num!xtr: 16747-2 
Exposure Condition: OPT-90DC Size: 5 l /2tt  911 2-ceu 
Test Sits: Eafield. Ct. 
Construction: Cksm( 11 86 1 )/EVA 16718A /cells( 11 861) /EVA /'Pdlor 200BS30W- 
I 68040 I 
5.000 4 
. - - - - -  I 
Exposure, lours I 1,000 I 2,000 
Test 11 12/63 
4.000 3.000 
3/7/64 411 8/84 
3.60 3.93 
1 1 
1 
A2 
c 2  
I 
C2 
1 
1 
. 
1 -- 
I 
 
1 1 
1 
1 
x 
B 
C 
D 
E 
= Discolora t ion  - aroken/fracturel - Corrcsicn 
5 D e l a n h c t i o n  - Flow/melt 
1 - so Ccnce 
2 - SliSht Cha35e 
3 = Noticable 
4 - ?loearate 
5 = Severe ! _ . I  
' I  
Page A-7 
& 
E 
(D 
U 
4 
FI 
P) 
Notebook Number: 16141-3 Test S i t e :  Enfield. Ct. 
Exposure Condition: OPT-90°C 112,, q,, 2-ccll -- 
Cons Lruction: Glrss(ll86 1) /*;m 1671 7 /Cells( 1 186 1 )/TedlrrZOOSS30WH(68040) 
ExposU=e, Bourr 1.000 I 2.000 I 3.000 4.000 5.000 
Test 11/2/83 12/14/83 1/24/84 3/7/84 4,98184 5/3018< 
R a i n f a l l ,  Inches 
Condrtron 
Curren t ,  I,, 
8.35 1.8 3.93 3.60 ' 
1 1 1 1 
Voltirge, voc 
I I 
I 1 1 
1 1 1 1 1 
1 1 I 1 1 
1 1 1 1 1 
1 I 1 1 1 
1 1 1 1 1 
1 1  * * 1 
'  c e l l  M e t a u t a t r o n  
In t e rconnec t s  
A = Discolora t ion  
B = 3roXen/fractured 
C = Corrosion 
D DelaminatLon 
E - f low/n - l t  
1 = N o  chanse 
2 - S l i s h t  Chanse 
3 = Not iccble  
4 - Hoeerate 
5 - Severe  
! 
1 
. .  f 
. ,  
L -  I 
! !  
1 !  
I 
= I  ORlGllYAL PAGE IS 
OF POOR QUALITY 
Notebook Number: 16747-4 - Test Site: Enfield. Ct. 
Exposure Condition: OPT-90"C Site: 5 ll2" x q8* 2-ccI.l 
Construction: Class,11861) I EVA 14747 / cWa(11861)  I TedkrtOOBS33W€?(68040) 
, .  1 1.000 I 2.000 I 3.000 1 4.000 
lt114I84 I ll24l84 13/7/84 I 4/18/84 
8-35 1.8 1 3.93 I 3.60 
rl e1 1 
'voltage, voc 
C u r r e n t ,  Is= 
@ --- I 
I I i 
1 
I 
2 
c3 
C? 
B 
2-34 c2 
I 
I I I I sealant -+  
1 f l  - 
1 I 1 1 
i l  I 1  1 
1 I 1 ' 1  
Gasket 
Footaat rapoar 
1 
1 - 
Icterccnnects 
1 ;Outer Cover 
1 A3 I 
1 
I 
jom- 
im8ll 
bubbl*r I %  . 
Page A - 9  
EuLE EXPOSCRE 
Cons+-ntction: Class (l1861)/ EVA 9918 /Cells(11861) /&VA/Tediar 200BS30WH - 
(68040 ) 
~ ~ S U I Q ,  fiaurs 2,300 I 3.000 5.000 
$/3Qfa4 
4.000 
4/18/84 
3.60 
4 
1,000 
12 /14/84 
8.35 
1 
1 1 I 1  1 
I 
I 
1 
B 
1 
1 I 1  
1 
- --- 
I A2 
A5 ES 
1 
1 
A4 
AS E5 
D3 
A2 
A3 E 
1 
1 
: 
1 A2 
L S  
L5 D5 
1 
E5 
-- 
E5 DS 
1 
1 
I  A = Discoloration 
B - Broken/fractrzed 
C = Corrosicn 
D - Delamination 
E = Flow/rnelt 
1 = No change 
2 - Slight Cknse 
3 * Noticable 
4 - Moderate 
5 = S e v e r e  
. .  
. -  
A . '  
PAGE IS 
OUALrrY 
., 
! 
ConstructLon: G k r r  (1 186 11 / EVA 167 18A / cells (1 1 86 1 )/E \ AI 
( 68040 ) 
-sure, sours 1 1.000 I 2,000 I 3.000 
12/14/83 11/24/84 I 3/7/84 
onaacaon 
d 
1 1 
1 1 I B  
1 1 1 
I I 
1 1 1 1 1  
Oucez Cover 
Jack Covar 
S e z l a i l t  
Gasket I I 
1 
I l l *  2 I A2 Pot-cant + Copper 
? o t t a i i t  DetaainatioE: 1 1 . 1 .  
I 1 1 1 
aack Cover 1 1 .  t 
intercoraects 
Outez Cover I 1 1 I 1 
'Tsdlar 200BS3OwH- 
~~ 4.000 1 5,000 I 
4/18/84 I 5/38/84 I 
1 I 1 1  
9 * Zroken/frac :ured 
C = Co=rosion 
Q * D e l m i n a t i o n  
3 = Ilow/ielt 
I 
! 
i 
-J 
I 
I 
Page A-11  
HODfiLE EX?OStXE 
1 1,000 Exposuza, siours 
T e s t  Date 
A = Dfscoloration 
a = aroken/frrctured 
C - CO==OO’JO 
D = Delamination 
E = ?low/aelt 
2.000 I 3.000 4.000 5.000 
it24r84 I m i a 4  4/18/84 5/30184.  
‘ 
1.8 I 3.93 3.60 
1 1 I I 
I I 
I 
1 1 1 A2 
I 
A2 A2 A2 I A4 
1 1 I I D3 
1 1 1  I 1 1 
1 1 I 1  
I 
1 
I 1 
1 - No c!ense 
2 - Slfqht ChenSe 
i = Xoticcble 
4 = noderate 
5 = Severe 
-. 
., 
. 
- .  
.. 
a 
- 
Y 
m 
Q 
3 - 
0 
d 
r( 
Q u 
I 
0 
d 
4 
Y 
Q 
L - 
C 
0 
4 
Y 
2 
el s 
ID 
cl 
9 
0 
C u 
z 
c 
8.35 I 1.8 
1 I 1  
ORIGINAL PAGE IS 
OF POOR QUALITY 
3.92 
1 
Notebook Nmber: 16747-4 Test Site:  Enfield. C f  
Expc3ure Condition: OPT-105"C Sire: 1211 9,, 2-ctL . 
Cons+ruction: G h s ~ ( I l 8 6 1 )  / EVA 14747 /cCUs(11861) / T+dlar200BS3OWH(68040) 
ExposUre, Eours 
Test D a t ;  11/2/83 
Rainfall, Inches 
COAdL-dOA 
boltage, voc 
C u r r e n t .  I, 
Cell Hetalitation 
interconnects 
at ease: 
Back Cower 
Sealant 
Casket 
P o t t e n t  
Pot-ant + Copper 
?otta?t Delamisauon: - Cells -L *ta l l rza t ion  
interconnects  
I I 
I I 
A3 
n c2 CZ 
1 I I 1 1  
I 
I I 
1 1 I 1  
1 I l I 1  . -  
4.000 
4 / lS l84  
3.60 
3 
I 
c3 
A3 
c3 
B 
1 
A3 
A2 
1 
I 
1 
1 
L - ?lo chanse 
2 - S l i c h t  CS'lance 
3 = f o t i c a b l e  
4 * Xodercte 
5 = Severe 
I 
3 1
I 
A-13 
I. 
1984 
SOLAR CELL MOD- FABRICATION BY THE "SPLIT PROCESS 
. _  . .  
3 1  : . ,  
, *  
i 
- 1  
OPERATIONS 
! !  
* !  
1. 
2. 
3. 
4. 
5. 
6. 
7 .  
8. 
9. 
10. 
11. 
12. 
13. 
\ 
14. 
15. 
16. 
17.  
18. 
19. 
20.  
21. 
Receive release fi lm i n  rolls 26 o r  50" wide. 
Receive substrate  panels, 24" x 48", ribbed back, stacked on pa l l e t s .  
Receive Craneglas 
Receive Epon 828 epoxy resin in tank truck. 
Receive Versamid polyamide res in  i n  tank truck. 
Receive solar c e l l  unbacked modules, 24"x 48", stacked on pallets. 
Transfer Epon 828 to epoxy res in  storage tank. 
Transfer Versamid to polyamide res in  storage tank. 
Transfer release fi lm r o l l s  t o  stack s t a t ion  2. 
Transfer reusable spacer panel pallets to stack s t a t ion  3. 
Transfer substrate  panel p a l l e t s  t o  stack s ta t ion  4. 
Transfer Craneglas 
Automatically pump Epon e28 from storage tank t o  machine supply tank a t  
stack s t a t ion  6 as needed. 
Automatically pump Versamid from storage tank t o  machine supply tank a t  stack 
s ta t ion  6 a s  needed. 
Transfer so l a r  c e l l  unbacked module p a l l e t s  t o  stack s t a t ion  7. 
Load release film r o l l  on unwind stand a t  stack s t a t ion  2 a f t e r  removing 
previous r o l l  core. 
Load p a l l e t  stack of reusable spacer panels on unload stand a t  stack 
s ta t ion  3 a f t e r  removing previous emptied p a l l e t .  
Load p a l l e t  stack of substrate  panels on unload s tmd a t  stack s t a t ion  4 
a f t e r  removicj previous empt led p a l l e t .  
Load Craneglas 230 r o l l  on unwind stand a t  stack s t a t ion  5 a f t e r  removino 
previous r o l l  core. 
Load paJ le t  stack of solar  c e l l  unbacked modules on unload stand at stack 
s ta t ion  7 a f t e r  removing previous emptied p a l l e t .  
Load empty, clean wheeled stack rack on empty rack claay a t  s ta t ic . ,  1 r,f 
c i rcu lar  8 s ta t ion  stacking machine and lock rack t o  clamp. 
230 m a t  sheet i n  r o l l s ,  24 or  48" wide. 
230 rolls t o  stack s ta t ion  5.  
t 
I 
. 
. . !  
A-14 
r- 
I 
22. 
23. 
24. 
25. 
26. 
27. 
I 
20. 
29. 
30. 
31. 
32. 
33 * 
34. 
35. 
36. 
Advance stack rack in rack clamp to station 2 and index. 
At station 2, automatically cut a 26" x 50" sheet of release film and 
automatically index and place it on the stack rack. 
Advance stack rack in rack clamp to stat ion 3 and index. 
At station 3, automatically take one reusable spacer panel from the 
panel stack and automatically index and place it on the stack rack OD 
top of the release film, aligning one edge and one end with one edge and 
one end of the release film. 
Advance stack rack in rack clamp to station 4 and index. 
At station 4, automatically take one 24 ** x 48" substrate panal, ribber 
side down, from the panel stack and automatically index and place it on 
the stack rack on top of the spacer panel, aligning one edge and one end 
with corresponding edges and end 3 f  other stack components. 
Advance stack rack in rack clamp to station 5 and index. 
At station 5, automatically cut a 24" x 48" sheet of Craneglas 230, and 
automatically index and place i -  or the stack rack on top of the substrate 
panel, aligning one edge and one end with corresponding edges and ends 
of other stack components. 
Advance stack rack in rack clamp to station 6 and index. 
At station 6, automatically measure, mix and dispense Epon 828pIersamid 
resir mixture onto the Craneglas 230 surfacs in a preprogramed pattern. 
Advance stack rack in rack clamp 
At statim 7, automatically take one 24" x 48" solar cell unbacked module, 
cell side up, from the module stack and automatically index and place it on 
the stack rack on top of the resin-impregnated Cra-?glas, klisning one edge 
and one end with correspcnding edges 
to station 7 and index. 
and ends of other stack components. 
Advance stack rack 
If stack rack contains fewer than 20 assemblies, advance stack rack in 
rack clam? to station 1 end reoeat .teps 22 through 34. 
n tack clamp to station 8 and index. 
If stack rack cc- i %*h? ' -:. unlock fully loaded wheeled stack 
rack from cl.pmr: arc - c c . iny machine. 
..- 
A-15 
37. 
38. 
39. 
40 - 
41. 
42. 
43. 
44 * 
45. 
46. 
Place a few 24" x 48" x 20 lb  f a t  sheet  panels on top of the  panel 
assemblies i n  the rack .  
R o l l  t he  rack to  a holding area an6 allow the panel assemblies t o  stand 
i n  the rack a t  room temperature for a minimum of four hours to  allow the 
Epon C28/versamid r e s i n  adhesive mixture t o  harden. 
Remove the  24" x 48" x 20 lb f l a t  sheet  panels from the rack and returll 
them to the v i c i n i t y  of s t a t i o n  8 of the  stacking machine. 
Remove each solar cell assembly i n  turn  from the  rack. 
Fmuove and discard the par t ing  film. 
Separate the reusable spacer panel and s tack on a pallet for re turn to 
stack station 3. 
Clean, trim, and inspect  each so lar  cell assembly. 
Pack each solar cell assembly i n  a corrugated shipping car ton.  
Convey the  packaged solar cell assembly t o  a warehouse or shipping area. 
C l e a n  t he  s tack  rack and return it to station 1 of the s tacking machine. 
. 
F 
*- . 
L- 
PAW IS 
OF POOR QUALITY 
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PRODUCTION PLOW !XART 
SOLAR CELL MODULE FABRICATION BY TRE "SPLIT" P w  
I I A 
3 
DISCARD 
INSP€CTION 
* 
SWIPMNT 
A-17 
PROCESS COST ESTIMZrTE (1984 Estimated Costs) 
SOLAR CELL MOpuLE FABRICATION BY THE "SPLIT" PROCESS 
OUTPUT 50 MILLION SQ. FT./YR. 
$ per 
Module 
0.4133 
0.1240 
0.2500 
0.0600 
0.0250 
0. C283 
0.0283 
0.0500 --- 
$ per 
Sq. Ft. 
0.0517 
0.0155 
0.0313 
0.0075 
0.0031 
0.0035 
0.0035 
0.0063 --- 
0.1224 
0.0310 
0.0093 
0.0433 
0.0106 
0.0035 
0.0035 
0.1013 
0.2237 
0.0724 
0.2961 
(5 - 
23.10 
6.93 
13.97 
3.35 
1.40 
1.58 
1.58 
2.79 --- 
Annual s Operat ing Cos ts  
V a r i a b l e  
D i r e c t  labor 
Fr inges  on direct labor, 30% 
utilities 
F r e i g h t  i n  and o u t  
Packaging 
Maintenance s u p p l i e s ,  
1% of  17,688,300 
Maintenance labor, 
1% of 17,688,300 
Other s u p p l i e s  
By-products c r e d i t s  
2 , 583,000 
774,900 
1 , 562,500 
375,000 
156,300 
176,900 
176,900 
312,500 
6,118,000 54.70 
13.86 
4.16 
19.37 
4.74 
1.58 
1.58 
45.30 
100.00 
-
0.9789 
0.2480 
0.0784 
0.3467 
0.0849 
0.0283 
0.0283 
0.8105 
1.7894 
0.5792 
2.3686 
Fixed 
I n d i r e c t  labor, 
Fr inges  on i n d i r e c t  labor, 30% 
Deprec ia t ion  
Insurance  and t a x e s ,  
3% of  15,688,300 
Maintenance s u p p l i e s ,  
1% of 17,688,300 
Maintenance labor, 
1% of 17,688,300 
0.6 x direct labor . 1,549,800 
464,900 
2,166,700 
, 
530,600 
176,900 
176,900 - 
5,065,800 
Manufacturing cost* 
Working capital* $411,900 
ROI before t a x  a t  20% of 
17,688,300 + 411,900 
Manufacturing c o s t  + ROI* 
11,183,800 
3,620,000 
14,803,800 
L i f e  -C a p i t a l  Equipment and Bu i ld ings  Annual Deprec ia t ion  
$ 266,700 
1 , 624,000 
276,000 
$2,166,700 
3 Yrs 
7 yrs 
20 yrs 
$ 8oo,oco 
11,368,300 
5,520,000 
$17,688,300 
*Based on l i s t e d  manufactur ing c o s t  e lements  on ly .  Does n o t  i nc lude  materials. 
i 
i 
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PROCESS COST ESTIMATE (1980 Estimated Costs) 
SOLAR CELL MODULE FABRICATION BY THE "SPLIT" PROCESS 
OUTPUT 50 MILLION SQ. FT./YR. 
$ per $ p e r  
Annual $ Module Sq. F t .  % o p e r a t i n g  Costs 
Variable 
Direct labor 
F r inges  on d i r e c t  labor, 30% 
U t i l i t i e s  
F r e i g h t  i n  and o u t  
Packaging 
Maintenance s u p p l i e s  , 
lo of 12,897,400 
Maintenance labor, 
Other s u p p l i e s  
By-products credits 
1% Of 12,897,400 
2,097 , 900 
629 , 400 
1 , 250 , 000 
312,500 
125,000 
0.3357 
0.1007 
0.2000 
0.0500 
0.0200 
0.0420 
0.0126 
0.0250 
0.0063 
0.0025 
23.90 
7.17 
14.24 
3.56 
1.42 
0.0026 129,000 0.0206 1.47 
0.0206 
0.0400 
1.47 
2.85 
0.0026 
0.0050 
129,000 
250 , 000 --- 
4,922,800 0.0985 u.7876 56.09 
Fixed 
Indirect labor , 
Fr inges  on ind i rec t  l a b u r ,  30% 
Deprec ia t ion  
Tnsurance and taxes , 
3% of 12,897,40(3 
Maintenance s u p p l i e s ,  
1% of 12,P97,400 
Maintenance labor , 
1% of 12,897,400 
0.5  x d i r e c t  labor 0.2014 0.0252 
0.0604 0.0076 
0.2516 0.0314 
14.34 
4.30 
17.92 
1 , 258 , 703 
377,600 
1 , 572 , 300 
i 
386 , 900 0.0619 0.0077 4.41 
, ,  
I 129 , 000 0.0206 0.0026 1.47 
. I  
I 
0.0206 0.0026 
0.6166 0.0771 
-- 1.47 -
43.5 
129,000 
3,853 , 500 
Manufacturing c o s t *  8,776,300 1.4042 0.1755 100.00 
Working c a p i t a l *  $327,200 
ROI b e f o r e  t a x  a t  20% of 
12,897,400 + 323,200 
Manufacturing cost + ROI* 
C a p i t a l  Equipment ar,d Bu i ld ings  
L . 
! 
t 
2,644,100 0.4231 0.0529 
11,420,400 1.8273 0.2284 
L i f e  Annual Deprec ia t ion  -
$ 600,000 
8, i 5 7  , 1100 
4 , 140 , 000 
$12,897 , 400 
3 y r s  . 200,000 
7 y r s  1 .!65,300 
20 y r s  207 , 000 
$1,572,300 
*Bdjed on l i s t e d  nanufac tu r ' xg  cost e l m e n t s  on ly .  Ooes no t  i n c l u d e  materials. 
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Figure 1 
V 4  
Peroxide Half-Life Temoerature Graph 
(TimdTemperature foi One Half-Life) 
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"Lupersol" 101 peroxide; S-DimethyI-2.5-di(t+butyl PWOXY)  hexane 
" L q e r d '  TBEC peroxide; 00-t-butyl  042-ethyl  hexyl) monoperoxy carbonate 
Source: Pennwslt Corpaation,  Lucidol Division, Buffalo, New York 
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Figure 2 
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Module Fabrication 
Temperature-Pressure Schedule 
I I I I I 
- 
TEMPERATURE 
I I I 
HEATING FIXTURE . FR3M 
2. INITIATE TIME, min 4. REMOVE 5. REMOVE MODULE 
3. PRESSURIZE FROM VACUUM-BAG 
1 UPPER HEATED FIXTURE 
VIBLY, CAVITY PRESS 
LIM 
STEPS 
1. 
2. 
3. 
4.  
5 .  
LOA9 PREASSEMBLED MODULE INT3 VACUUM-BAG FIXTURE AND PUMP 
BOTH CAVITIES DOWN TO 30 in. Hs F9R AT LEAST 5 min. 
LOAD FIXTURE INTO PREHEATED PLATEN PRESS TO HEAT AT 
APPROXIMATE RATE OF 4"C/min BOTH CAVITIES ARE KEI-T UNDER FULL 
VACUUM. 
AT A TEMFCRATURE OF 1 2OoC, THE PRESSURE OF THE UPPER CAVITY IS 
GRADUALLY INCREASED TO ROOM PRESSURE OVER AN B TO l@-min 
PERIOD. 
THE FIXTURE IS LEFT IN THE PRESS FOR 10 rnm AFTER REACHING A 
TEMPERATURE OF 1 5OoC, THEN REMGVED WITH THE LOWER CAVITY 
STILL UNDER VACUUM. 
COOLING FOR ABOUT 10 TO 1 5  min. 
THE MODULE CAN BE REMOVED FROM THE VACUUM-BAG FIXTURE AFTER 
I 
t 
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Figure 3 
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Figure 8 
SOILING EXPERIMEMS 
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F i g u r e  9 
SOILING mims 
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Figure 10 
SOILING EXPERIMENTS 
THIRTY-TWO MONTHS EXPOSURE 
ENFIELD, CONHECTICUT 
X LOSS I N  I,, WITH STANDARD L E U  TREATED 
Sum GLASS 
38 FlONTHS EXPOSURE 
10" 
5" 
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-..*....... RAINFALL, INCHES 
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